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PREFACE. 



In the following pages I give a theory of the fan which differs con- 
siderably from anything that I have seen in print, and which may 
therefore meet with some criticism. In all works in this or any other 
language that I have read I have found the equation] 

XT _ * t^i 

I + ":. 

a- . • 

where H is the head of air against which the fan works, Ci is the tip 
speed, a is a constant for any particular fan, and o is the equivalent 
orifice. 

That this equation cannot be that of all fans is obvious when we 
remember that in many fans the manometric efficiency increases at 
first as the orifice increases from zero, while this equation states that 
it decreases ; nor can it be maintained that the equation applies to 
fans whose manometric efficiency is greatest at zero orifice, for if the 
curve of manometric efficiency be drawn with this as ordinate and 
orifices as abscissic, it will be found that the tangent at the point where 
the curve cuts the vertical axis is horizontal ; and that this i^ not the 
case may be seen from fig. 44, which gives curves for eleven fans 
differing widely in construction. Having already studied the centri- 
fugal pump, it occurred to me about ten years ago that its theory 
might be applied to that of the fan ; and except that the fan does not 
actually lift air, as the pump lifts watei*, but acts like a centrifugal 
pump that pumps against the resistance of horizontal piping only, I 
consider that the same theory may be applied to both. 

In Chapter XII. I have endeavoured to show that my theory agrees 
with the results of experiment, as far as these may be trusted. The 
following pages commence with the theory of the centrifugal fan 
following which are experiments with and descriptions of this type ; 
and in Chapter XIV. is given a description of Prof. Rateau's high- 
pressure fans, in whose design it may be mentioned the variation of the 
density of the air must be taken into account. In Chapter XV. will 



PREFACE. IV 

be found an imperfect theory of propeller fans, imperfect because I 
cannot find all the information I require from published experiments. 
Following this will be found d^ciiptions of this type and of Prof. 
Rateau's screw fans, the theory of which closes the book. 

I hope this book will be of service to those who have to design, or 

who wish to understand the working of fans. There are many very 

^1 inferior fans largely used, which do their work very wastefuUy, and it 

would be satisfactory to see these replaced by others of scientific 

design. 

CHAS. H. INNES. 
Rutherford College, 
Newcastle-on-Tyne, 
^ October, 1904. 
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ERRATUM. 

Chapter XIV. (p. 182). — It should be explained that V and 8 in the 
following figures — 86, 87, 92 — are the same, and also that "M. = fi; also- 
for volumetric efficiency 

V = -^ , read V = - Q-, = 5; 



and for manometric efficiency 
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CHAPTER I. 

1. The Conservation of Energy, — Energy is indestructible, 
•although it may appear in a number of forms» some of which 
are useful to man, while others are not. Thus steam at a 
high pressure contains energy in the form of heat, part of 
which can be converted into useful work while the remainder 
is wasted in overcoming friction, or is rejected with tha 
condensed steam at a low temperature, and is of no service 
to man. But the law^ of conservation of energy supplies iis 
with equations which are of the utmost service in correctly 
designing machines in which a £ow of fluids takes place, 
because we know that changes of pressure, volume, aud 
velocity are accompanied by alterations of the forms in which 
the initial energy existed, but that the quantity of energy is 
unaltered. Although in this article w^e are dealing with air, 
a compressible gas, and should t^ierefore, in strict accuracy, 
take into account the alteration of volume that accompanies 
change of pressure, yet since this change of pressure is so 
small, it is not necessary to do so, especially if we consider 
the volume passing through the fan to be the volume 
occupied by the air at a pressure which is the arithmetic 
mean between that at suction and discharge. Let P be the 
diflbrence of the pressures per square foot, atid Q the mean 
volume in cubic feet per second of the air passing through 
the fan measured as above ; then P Q is the useful work 
done per second, supposing of course that the manometer is 
placed in a position where the velocity of the air is not 
great, or has a bend at the end turned towards the current 
of air so that it forms a sort of Pitot tube. 

2CF 
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2. The Relation between H, h, and v, — Suppose a liquid 
whose density is D lbs. per cubic foot contained in a vessel, 
fig. 1, whose free horizontal surface is at a height H above 
any assumed level and that the surfieu^e is maintained at this 
level as the liquid flows down a pipe connected to the vessel 
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Fi0. 1. 

below the surface, and let us at first neglect all losses due 
to friction ; then, if at a point a at a height ?i above the 
given level the liquid has a velocity of v feet per second and 
a pressure of j^ lbs. per square foot, we shall show that 

"^ (I) 



P 



For suppose a piston at a moving down at a velocity v, 
then if A is the section of the pipe in square feet when it 
has moved 1 ft., the pressure above the piston has done pA 
foot-pounds of work, at the expense of A cubic feet of liquid, 
or p foot-pounds at the expense of each cubic foot, or, as one 

cubic foot contains D lbs., ~- foot-pounds of work are done 

at the expense of each pound of liquid. Thus the H foot- 
pounds of potential energy of each pound at 6 appear in 
three different forms at a, viz., potential energy A, kinetic 

energy -— , and energy due to pressure, or pressure energy 
2 g 

T Hence we say that a liquid under pressure /?, velocity 



LOSSES OF HEAD. 3 

V, and at a height A, has a pressure head ~ , velocity head 
, and actual head h, while the equivalent head due to all 



2</ 

three is H. 

3. Reasons for Treating the Air as if it had a constant 
volume, — The highest water gauge found in practice is 12 in., 
and as the water barometer is 34 ft. and air contains a 
considerable quantity of moisture, and we may therefore 
consider the compression to be isothermal, the greatest 
compression is ^V^h of the original volume, and if we measure 
the discharge by the mean volume, the actual volume at any 
instant cannot be greater or less than this by ^^g^th part of 
^ the mean volume. Hence the work produced by expansion, 
ororequired for compression may be entirely neglected, and 
we may treat the air as if it were a liquid, obeying equation 

Suppose, for example, that air weighs '075 lb. per cubic 
foot, and moves with a velocity of 40 ft. per second in a 
straight pipe which gradually enlarges in section so that the 
velocity is reduced to 20 ft per second, what will the 
changiB of pressure per square foot be if the pipe is hori- 
zontal ? Let jt?i, Vi be the pressure and velocity when the 
latter is 40 ft. per second, and p^ v^ similar quantities when 
V it is 20. Then, 



JL> ^Ig 

P^^- P^ = ^? (1600 - 400) 

64 



= change of pressure head 



= l^-f lb. per square foot 

= 18f ft. change of pressure head. 

It will be seen later that the mechanical efficiency of a 
fan can be considerably increased by using various means 
for gradually reducing the velocity of the air, and thus 
increasing its pressure. 

4. Losses of Heid by Surface Friction and CJiange of 
Velocity, — Wben fluids flow in passages, energy may be 
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wasted by surface friction, by bauds and corners, and by 
sudden changes of velocity and direction. The loss of 
energy per pound is called the loss of head. The total force- 
necessary to overcome surface friction in a passage of a given 
material is proportional to the product of the surface in 
square feet, and the square of the velocity of the air, so that 
if F = force, and A the area 

where m is a coefficient depending on the fluid and th& 
roughness of the surface, let a be the section of the passage 
where v is the velocity, then 

F 

= pressure per square foot 
a 

m Av^ 



'2a</ 



and if D = weight of fluid per cubic foot the loss of head 
due to friction is 

7 — ^ _ ^^ Av^ 
'* ~ a iJ ~ 27D^* 

If the passage is a pipe of circular section of diameter d feet, 
length I 

"' ~ dDJ^~ ^If'Ii ^-^ 

If C ~J = /, 

then / is the .coefficient of resistance of the pipe referred to 
the velocity v. And as the losses of head due to bends and 
elbows, and passages of any form are proportional to the 
square of the velocity, in a given machine we can say that 
the loss of head is 






^'., 

-y 



LOSSES OF HEAD. 



in addition to that part of the loss of head due to sudden 
changes of direction and velocity, where Fi is the coefficient 
of resistance of the machine referred to the velocity v. 

Professor Unwin in "The Development and Transmission 
of Power/' gives 



f= -0027(1.^^) 



where d is in feet. If the pipe is not of circular section 
formVila (2) becomes 



w*i 2(/ 



w^here wij is the mean hydraulic depth of the pipe — t.f., 
section divided by circumference. 

M. Lelong* gives ( = '006. 

When a sudden change of direction of motion and of 
velocity takes place, such as that represented in fig. 2 from 




Fio. 2. 

A B to A C where A B represents a velocity v, A C a velocity 
Vi, and the angle B A C is called 6, then the loss of head 

, BC^- 

_ V' -»- /'," - 2^ W Vj (!08 6 /q\ 

and obviously had its least value when B C coincides with 
B D, the perpendicular on A C, so that 

t'l = V cos (4) 



* Du Galcul dee Ventilateura, by M. Lelong. 
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Let p be the pressure before the change and pi after, then 
Vr + ^- + loss of head = —- + -r-— 

^ ^ = gain of pressure head 

_ v' - v^ _ v^ -v Vi — 2 vvi cos ^ 

V Vi cos 6 - v^ A C C D /^v 

= = — . . . . ^o; 

9 9 

which obviously has a maximum value when AC = CD, so 
that where a sudden change of direction must take place, 
and it is intended afterwards to convert a large part of the 
velocity head into pressure head by a gradually expanding 
pipe, Vi should equal v cos d, but where no expanding pipe 
can be fitted A C must be J C D, and therefore 

Vj - J V cos 6 (6) 

When a sudden reduction of velocity takes place from v to 
v^ without change of direction the loss of head is 

and therefore the gain of pressure head is obtained as 
follows : — 



Pi- P - 



D 



= gain of pressure head, 



2 2 

~ — - loss of head. 



25' 

_ ir — v^' (v — Vi)' _ vVi — V.' 

The formulae for losses of head at bends are 



(8) 



k. = { 0-131 . l-847(^)^ } 4 -;l . . (8«) 
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for bends of pipes with circular section diameter d ft 

*. =. { 0124 . 3-104( Ji)^ } 4 ;1 . . (86) 

for pipes of rectangular section of height d ; C being the 
mean radius of bend in each case and <t> the angle of bend. 
These are of doubtful accuracy. 



CHAPTER 11. 

5. The Manometer, Anemometer, and Pitot Tube. — To 
measure the work done by a fan we require two instruments 
to obtain the difference of pressure between suction and 
discharge, and the quantity of air passing through it per 
minute or per second ; in this country it is usual to give 
the number of cubic feet per minute, but on the Continent 



B 




V, 


»« 




_^ 
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Fio. 3. 

the number of cubic metres per second. A manometer is 
used to obtain the difference of pressure. If a bent tube, 
fig. 3, contains water and the end A is exposed to greater 
pressure than the end B, the liquid will rise on the latter 
bide to a height proportional to the difference of pressure. 
At the average temperature a cubic foot of water weighs 
62*3 lbs., so that each inch of gauge registers a pressure of 
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5 '19 2 lb. per square foot. The gauge should not be placed 
in a current of air, as this will either increase or decrease 
the reading, because part of the equivalent head of the air 
is velocity head, and supposing the air at B is at rest, while 
that at A is in motion the height of the column at the side 
A will be greater than it should be by the amount 

12 —- — inches, 
2^ U 

where D and C are the densities of the air and water ; thus, 
• if a fan is drawing air from a mine, and the manometer is in 
a strong current of air, A being open to the atmosphere, and 
B connected to the passage in which the air is approaching 
' the fan, then k will be greater than it should be, and the 
fan will be credited with an amount of work that it has not 
done. On the other hand, suppose the fan is blowing air 
into the mine, and that B is open to the atmosphere, then 
the water gauge will be correct, becaiise we cannot credit 
the fan with the energy of the air discharged, unless the 
discharge passage gradually increases, so as to reduce the 
velocity of the air before it reaches the mine, and if that is 
the case a tube should connect A to the end of the discharge 
passage. To take an extreme case, suppose a fan draws air 
direct from the atmosphere, and merely discharges it into 
the atmosphere again, then the fan is doing no useful work ; 
but a manometer, whose end B was connected to the suction 
of the fan, and end A to the atmosphere where the air was 
at rest, would give a considerable reading, whereas the real 
water gauge should be zero, because the spaces from which 
the fan draws and into which it discharges are at the same 
pressure. The reading of the manometer is due to the 
reduction of pressure caused by the velocity of the air as it 
flows to the eye (»f the fan, and as the fan has the assistance 
of this amount of kinetic energy the gauge is incorrect. If 
the end of the manometer tube is ground square with its 
axis, and bent to face the current of air, the particles of air 
impinging upon the tube will raise the pressure by an 
amount 

^ — D per square foot, 

c7 



80 tliat the error due to the reduction of l)re88iire owing to 
the velocity of the air will be entirely neutralised, the water 
gauge being increased by the amount 

12ji'.U. , 

niched, 

■Ig U 

hence a manometer of this description may also be used to 
measure the quantity of air discharged by the fan, and is 
called a Pitot tubs. The quantity of air is generally 
measured by an anemometer, fig. 4, which showa a type con- , 
structed by Uessrs. Brady and Martin, of Newcastle, a amall 
wheel carrying vanes set at an inclination to the plane of 



rotation so that when a current of air passes through the 
wheel in the direction of its axis the wheel will rotate, and 
communicate its motion to gearing which works a counter 
showing the number of revolutions. It was originally 
supposed that the number of revolutions was proportional 
to rtie number of turns of the wheel, but this is not the case 
<}ven when the current of air has a uniform velocity, because 
of the friction of tlie apparatus, and is very far from being 
the case when it is variable; in the latter case the 
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anemometer, which is usually graduate by rotating it in still 
air at the end of an arm driven at uniform velocity, greatly 
exaggerates the quantity of air passing through it That 
this is the case will be readily seen by the reader when he 
considers the case of an anemometer which is alternately 
placed during equal short periods in a current of air, and in 
still air ; when in the former it attains a speed very nearly 
proportional to it, and when in the latter it slows down very 
gradually, so that the total number of revolutions is con- 
ttiderably greater than would have been obtained had the 
instrument been placed in the current of air for half the 
time. So far, however, the anemometer is the best instru- 
ment invented for measuring the flow of air, and all that can 
be done is to place it where the velocity of flow is as uniform 
as possible. ' 

We have already mentioned the Pitot tube ; this is merely 
a manometer having one end of the tube ground square with 
the axis, which end is placed so that the axis is in the 
direction of the current, and the mouth of the tube is 
turned towards the current. The particles of air impinging 

on the mouth produce an additional pressure -- — D so that 

if 

the water gauge is proportional to the square of the velocity, 
and therefore the velocity of the air can be measured,, 
but the reader will see at once that if the velocity of the 
air varies, and this is usually the case, we shall get a 
water gauge which is proportional to the mean of the squares 
of the velocities, and not the square of the mean velocity, 
and thus the apparent discharge is greater than the real one. 

6. The Method of Calculating H from A, and Method of 
Calculating D. — A water gaujie of h inches corresponds to a. 
pressure P per square foot where 

i*'^!^- w 

and C = weight of one cubic foot of water at the tempera- 
ture at which the experiment was made. If D is the weight 
of one cubic foot of air at that same temperature, to find 
which the height of the barometer, and the moisture 
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contained by the air must be known, then the equivalent 
head of air against which the fan is working is 

I 

and as C = 62*3 and D = -075 at 62 Fah. 

H = — . h feet average • (11) 

• 

where rough calculations only are necessary. Where greater 
accuracy is desired we require the barometer, thermometer, 
and hygrometer to obtain the correct value of D. When a 
mixture of two gases fills a space the pressure is the sum of 
the two pressures that would be produced by each of the 
gases filling the same space alone. A mixture of dry air and 
vapour has a pressure which is the sum of the pressures that 
they would produce if they filled the space alone. We can 
find the pressure of the vapour, because by the hygrometer 
we can find the dew point or temperature at which the 
amount of moisture in the air would just saturate it. To 
every temperature corresponds a certain vapour pressure, and 
these are tabulated, so that no formula is necessary ; also 
corresponding to this pressure and temperature there is a 
certain density, so that we know from the table the weight 
of moisture per cubic foot. Let T be the pressure measured, 
in inches of mercury, of the moisture at the dew point, let 
its absolute temperature be 0^, and let be the absolute 
temperature of the atmosphere in Fahrenheit degrees; let 
P be its pressure in inches of mercury, and o- the weight in 
pounds of a cubic foot of dry air at the standard barometric 
pressure of 29*92 ins. Then the weight of dry air in one 
cubic foot of the atmosphere is 

AT P - T 

^ = ^•■29^- 

From the well known formula 

pv = 53-2(9, 
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where p is in pounds per square feet, and v is the volume of 
1 lb. in cubic feet, we can readily deduce that 

39-8 

whence 

^ ^ 3 9-8 (P - T) 

29-92 ' 

This must be added to M\ the weight of the moisture 
obtained from the table below, and the weight of one cubic 
foot of air or its density is 

D - M + M\ 

If very great accuracy is desired account must be taken of 
the slight increase in length of the barometric column, due 
to the fact that the temperature 6 at which it is read is not 
32 deg. Fah., at which temperature only the standard 
barometer is 29*92. To allow for this we must write 

^ ^ 39-8 (P -T) 

29-92 (1 + -0001 {F - 32}) ff 

Much assistance in writing the above has been obtained 
from Dr. Jude's Physics,* from which the following table has 
been copied : — 

The following examples will make the method of obtaining 
the value of/) clear : — 

Example 1. — The temperature of the atmosphere is 77 
deg. Fah., and the dew point as obtained by the hygrometer 
is 41 Fah., what is the weight of I cubic foot of air if the 
barometer is 29 in. 1 The pressure of the moisture is 
•2572 in., so that 

P - T = 28-7428 and M = "" 1,^ " "^"^ 

29-92 

^ .39-8 X 28-74 ^ .^^j 
because ^ = 77 + 461 = 538 deg. absolute. Fah. 



« CI 



"Physics: Experimental and Theoretical." By R. H. Jude, D.Sc, M.A. 
Chapman and Ball, publishers. 
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From the table we find that at 41 Fah. it requires 2,406 
cubic feet of vapour to form 1 lb. 

1 



M^ = 



2406 



^ = -00048 lb. 



80 that the total weight of one cubic foot of air is 

D = M + M^ = -0714 lb. 



Table of Saturation Pressures and Volumes op Aqueous 

Vapour. 



Temi>entt\xre 
Fah. 


Saturation prearai e. 
Inches of m«rcury. 


Saturation volume. 
No. of cub. ft. per lb. 


32 


•1811 


3390 


41 


•2572 


2406 


50 


•3608 


1732 


69 


•5000 


1264 


68 


•6846 


985 


77 


•9279 


699 


86 


1-2420 


629 


95 


1'64V0 


405 


104 


2-1620 


313 


113 


2-8110 


244 


122 


3-6210 


192 


131 


4^6260 


152-4 


140 


5-8580 


122 


149 


7-8680 


98 45 


158 


9-1770 


80 02 


167 


11-3600 


65-47 


176 


13-9600 


s.'i-gc 



To obtain the absolute temperature $ add 461 to the Fahrenheit temperature. 

Example 2. — The temperature of the air is 95 deg., and 
it is saturated with moisture, the barometer is at 29*92 in., 
what is the weight of 1 cubic foot of air ] Here 
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P - T = 29-92 - 1-65 = 28-27. 

^ = 95 + 461 = 556 

„ ^ 39-8 (P - T) ^ 39-8 x 28-27 ^ .... 
29-92 6^ 29-92 x 556 

M^ = -1-. = -0025 
405 

D = M + M^ = -0701. 

Example 3, — The temperature is 68 Fah., and the dew 
point is 50, the barometer is 29-7 in., what is the density of 
the air if we take into account, the effect of temperature on 
the barometer 1 

P - T = 29-7 - -36 = 29-34 

6> = 68 + 461 = 529, 

^ ^ 39-8 (P - T) ^ 39-8 x 29'34 

29-92 (1 + -0001 {F-32})^ 29-92x529x1*0036 

= -0737 
M^ = ^ = -0006 nearly 
D = -07431b. 



CHAPTER III. 

7. 77i« Law of Change of Moment of Momentum. — One 
of the most important mechanical laws that applies to the 
fan is that the change of moment of the momentum of a 
mass acted upon by forces is equal to the moment of the 
impulse of the external forces, or to their angular impulse. 
If the weight of a body is W and its velocity is v its 

momentum is , and if r is the perpendicular from any 

Wv 

point A, fig. 5, upon its direction of motion then r 
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13 the moment of its momentum, or its angular momentum. 
Suppose a force P to act upon the body during a very small 
time t ; then by the second law of motion if V is the velocity 
produced in the direction of P 

W V 

/^_L = p«, 

9 

and if rj is the perpendicular on P's direction then P ^ rj is 
the moment of the impulse of the force, or its angular 
impulse ; and the change of the moment of momentum is 

ri because the moment of momentum of a body about 

a point is equal to the sum of the moments of the resolved 
parts of its momentum ; therefore the change of the moment 




of the momentum is equal to the moment of the impulse of 
the external forces, because being true for a small period of 
lime and a constant force, it is also true for a finite period 
and a variable force. 

8. On the Work done on the Air in its passage through a 
Jiadial Mow Fan. — Imagine a mass of air passing through a 
wheel or fan, fig. 6, rotating about the axis C in the direction of 
the clock, and to simplify matters suppose that all particles 
follow similar paths such ns AB and that the inflow at A 
is radial. Let Cj be the velocity of the outer circumference 
in feet per second, and c^ that of the inner, and let rj, r^ 
be the corresponding radii in feet. Let v be the absolute 
velocity of discharge and Wg that of inflow just before the 
vanes act upon each particle, while u is the absolute velocity 



IG 
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just after ; then the parallelograms of velocity of outflow and 
inflow are v^ v Ci B and A v^u c^ so that Vi and Vi are the 
velocities of inflow and outflow, relative to the wheel. Then 
since the particle had no moment of momentum before^ it 



reached the wheel and since 



w, r^ is its moment of 



momentum after leaving the wheel, therefore 



W, 



W'l^l = 




Fio. 6. 

angular momentum of all forces acting on that particle, 
where Wj is the weight of the particle. If then w is the 
angular velocity of the wheel in radians and W is the total 
weight passing through the wheel per second, 

W 

— Wj rt 0) = T (li, 

9 

W 

— Wi Ci = T 0), 

= work per second transmitted to 
the wheel if T = total 
twisting moment in foot pounds. 
Hence, 



Ci w 



- = work done by wheel per pound of air . (12) 
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and neglecting the friction of the bearings, which is never 
a very great quantity, this is the work done per pound of 
air on the fan shaft, however the air may approach the fan. 
For if no force acts on the air before it reaches the fan it 
can have no moment of momentum, and therefore must 
approach the fan radially, or if inflow is axial, axially, and 
hence the work done by the wheel, and that done on the 

c to 
shaft by the motor must be - — *, but if the friction of shaft 

9 
or arms acts on the air and gives it angular momentum 

f to 

before reaching the wheel then - — - is the work done by 

wheel vanes, arms, and friction of the shaft, and hence is 
that done by the motor on the shaft in addition to the 
small amount needed to overcome the bearing friction. 
Thus equation (12) not only applies to fans in which the 
flow through the wheel is wholly in a plane perpendicular to 
the axis of the shaft, or radial flow fans, but also to those 
in which the flow is changed from an axial direction to a 
radial direction or mixed flow fans. 

9. On the Losses of Energy or Head while Passing through 
the Fan, — In passing through a fan there are several losses 
of head, which by proper design may either be entirely 
avoided or reduced to a minimum when the orifice or 

_Q 

has the value for which the fan has been designed, where Q 
= cubic feet or metres per second, H = head of air in feet 
or metres given by formula (10) or (11), and g = 32*2 for 
British units, or 9*81 for metric units. Fig. 7 is an outline 
drawing of a fan showing two sectional elevations. In some 
fans there are two eyes A, in others one at which the air 
enters. It then passes through the wheel B, which rotates 
clockways, into the diffaser C. This diffuser is sometimes 
made with parallel sides, and often with a slight taper of 
about 7 deg. Its inner surface is always cylindrical, but its 
3cp 
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outer surface is sometimes of a spiral form, as in the Rateaii 
ventilator to be described later. It is, however, usually 
cylindrical, but most fans are constructed without any 
diffuser at all, and the wheel B discharges directly into the 
volute D, which is usually of rectangular or circular section 
increasing from the beak E, according to a formula to be 
dealt with later, and having its greatest section at the base 
of the chimney F, which increases in section so as to reduce 





Fio. 7. 



the velocity of discharge. Referring to fig. 6, we see that 
when the air enters the wheel at A its direction may be 
suddenly changed from u^ to u, so that the loss of head is 






- ^2 cot Of 
~^9 
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where {u u^) represents the length from u to W21 and not the 
product of these two velocities, and 6 is the angle made by 
the vane A B at A, with a tangent to the circle through A. 
In order that this loss of head may be avoided, we must 
make such that 

cot 6 = ^ 

which we shall presently show, can only be the case for one 
value of 

_Q„ 

After passing through the wheel the air enters either the 
atmosphere if the fan has no casing, or the diflfuser, or if 
there is no diffuser, the volute ; in the first case the head lost 

is — , as the kinetic energy at discharge is all lost ; in the 

if 

second case there is no loss when entering the diffuser, while 
in the third the loss is {^g. 8) 

T _ (^^if 
^9 



_ u^ + (w^ - v^Y^ 



(13) 



'^9 

where v^ is the velocity in the volute which has a direction 
very nearly tangential to the wheel. If the fan has no 
chimney or expanding discharge pipe v^ should = J w>„ but 
if it has then v^ should = Wi for the reasons given in 
paragraph 4, equations (4) and (6). If the fan has a diffuser, 
then if B D is its inner circumference, and C E its outer (fig. 9), 
the latter having a radius r„ then the change of the angular 
momentum of each particle of air therein is nil, because no 
force acts on it during its passage through the diffuser, and 
if u^g, «3 are the tangential and radial comjonents at dis- 
charge, and 6i, 63 the breadths of diffuser at inflow and 
discharge, then 

'Jl=''^ (14) 
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and 



2irribiUi = 2 tt rg 63 Wg 
Us _ biVi 



Wi 



^rs 



(15) 



and if the sides of the diflFaser are parallel, or bi = 6j 






(16) 



This, however, neglects the thickaeases of the vanes; the 
path B C is then an equi-.ingular spiral. But 63 is usually 
made slightly greater than 61, so that the sides are inclined 
to one another at an angle of about 7 deg. 

The air next passes into the volute, and the loss of head is 



L, = 



2^ 



(17) 



and if there is an expanding discharge pipe we should have 
^'4 = W'g, and if not, V4 = J t^s, according to paragraph 4, 
equations (4) and (6). In addition to the above there is the 
loss due to surface friction and bends which may be written 



^9 



^9 



(18) 



where Fj, Fj are constants depending on the proportions of 
the fan. There is also the loss of head due to the kinetic 
energy contained by the air at discharge. 
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The values of v^ in terms of Wi and w^ can only be 
obtained at one orifice, and make 
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(19) 





• • • 




• • • 



and Lg = y^ , or — — — (20) 

10. Equation for finding the Manometric and Mechanical 
Efficiencies in terms of <j>, — The work done by the wheel per 
second is equal to the head H multiplied by the weight of 
air per second, together with the work absorbed by losses of 
head ; hence, if there is no casing 

' ' - losses of head = H, 



9 
9 ^9 ^ ^9 ^9 * ' ' 

Wi = Cj - Ml cot <^, 

<l> being the angle between tangents to the curve A B at B, 
and the circle through B, and always measured clock- 
ways, fig. 6, and in some fans being greater than 90 deg., 
80 that cot </> ii negative. 

?/* = Ui + Wi^ = wf + (ci - Ui cot ^)' 

Vj' = Ui^ cosec^ = Ui^ (I + cot^<l>) 

— 7*2 

Cj — Ci — , 

so that it is evident that the equation can for a given fan 
be thrown into the form 

<Ji' + P ^1 Q - R Q' - S^ H = . . . (22) 

where P, R, and S are constants containing F, <^, and 0, of 
which R and S are positive and P may be positive or negative. 
If the fan has a diffuser and no volute then 

• Ci w'l _ (ci - '''a cot Oy _ Fi V 

IT 27 T7 
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- !5iL±_!:L (1 + Fa) = H .... (23) 
2^ 

[f there is a volute and chimney but no difiFuser 

Ci Wi _ (ca - Uj cot Sy _ Fi Vi^ _ J*!* _ {wi - v^y _ Fn v^^ 

~V 2^ ~2y "2^ :i^ :i/ 



2^ 



= H 



(24) 



where v^ is the velocity of discharge from the chimney. 

c 




Fig. 9. 

If there is a volute, chimney and difiFuser 
CiWi __ (ca - «2 cot Oy _ p J!l_ _ !^ _ (m^« - t^4)^ _ F -?!i 



Vi 



- ^ = H 
2^ 



(25) 



and since all the velocities may be expressed in terms of Ci 
and Q, the angles 6 and <^, and the sections of the various 
passages of the fan we may transform equations (23), (24), 
(25) into the form given in (22). We must, however, 
mention that and <^ are not exactly the angles of the vanes, 
but the angles of relative inflow and discharge, which from 
experiments m^de by the writer with the centrifugal pump, 
which only diflfers from the fan in that it pumps water 
instead of air, are greater than the vane angles the greater 
the discharge, and approach the vane angles as the discharge 
becomes small ; the reader must remember that and <^ are 
the angles made with the tangents to the inner and outer 
circumferences of the w^heel, by the mean direction of 
flow to and from each passage (fig. 7). Tt is such points as 
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these which make the differences, rarely very great, which 
are found between the results of experiment, and a theory, 
which is not absolutely exact, and which, to be so, would 
have to be expressed by extremely complicated equations. 

We shall now consider the effect of varying <^ in equation 
(21) to (25) on the mechanical efficiency of the fan, and on 
the manometric efficiency 

M = -^^ (25a) 

The mechanical efficiency does not differ much from the 
ratio of the useful work done per pound H to the work 

<lone by the wheel per pound ^±^, The difference is 

if 

due to the friction of the wheel bearings, and to the 
friction of the outside casing of the wheel with the air 
which we have not included in the above equations, and 
which is only noticeable at very small orifices* We shall 
therefore find the ratio, which we shall call the air efficiency, 

and we shall throughout take 

u, = 'oJjR (27) 

when Ca = Wj cot 6. 

Equation (21) may be thrown into the form 
r-i (ci — 7/1 cot <^) ^ ttj* + (^1 - Wj cot <^)^ _ ^ Ui^ cosec' *^ -= H 

Ci' - Ci WiXJot <^ - i Wi" - J Ci* + Ci Ml cot <f>-^Ui^ cot '<^ 

- J Fi wf cosec^ <^ = ^ H 

Ci^ - Ui^ (I + cot^ <^) - Wi^ Fi cosec- <^ = 2 ^ H 

ci^ - (1 + Fi) wf cosec- <^ = 2 ^ H 

c,^ - i(l + FO^H cosec- (^ = 2^H 

M = i. = ^ ^ - . . (28) 

m' cJ" 8 + (1 + Fi) cosec^ <t> ^ ^ 
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and r, = ^^ 



1 



. (29) 



£ a m • • • 

m(ai - ioot^) 

Considering next the case in which there ia a difiPdser but 
no Yolate, let rg the external radius of the difFiiser be k ri, 
and suppose the sides parallel to <me anothery then 

e^ - Cj Wj cot 4> _ p *i' cosec' <l> 
_ ^i' + (ci - tfi cot 4>)' ,, + F \ = H 

2 Ci' - 2 CiUi cot <^ — Fi tti" cosec' ^ 
- \-(l + F2) («!« + tti' cot- <^ + cf - 2 ci «a cot <^) = 2^ H. 

<;.'[2 - ^^-^^] - 2 «.«xCot <^ [1 - -^(1 + F,)] 

- «,' cosec' <l> [f, + — t,— 1 = 2 5P H. 

and putting Ui = ^ J iJ H, 
c,« [2 « (IjLIl)] _ ,^ ^-^cot<^ [1 - 1(1 + F,)] 

- ^ H [2 + i (f, + ^-^) 00360^ <^] = . (30) 

It the fan has a volute and chimney, but no diffuser, and 
wo suppose that t'4 = w^ then equation (24) may be put in 
the form 

2 c'l" — 2 Ci Wj cot </> - Fi u{^ cosec^ <^ - ^^i'' - Fo (''i - Wi cot <^)^ 

- Vfl' - 2 i^ H. 

Lot Vfl = ^ /s/^H, then 

c,'{2 - F,) - c, /y H cot <^ (1 - Fa) 

- ^ H (2 + i 4 ^V + -X °^^®°' * + T °^^' * ) = <^- 
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^,^(2 - F,) - c, Jin cot <^ (1 - F,) 

- ^ H (2;^ + ^ cosec^ <l> + -^cot« <^) = . (31) 

If on the other hand t^4 = ^ w^ and there is no chimney, 
then equation (24) becomes 

2 Ci^ — 2 Cj «i cot <^ - Fi Ui^ cosec^ <^ - «i* - J (ci - Mj cot <^)'- 
- i ^2(^1 - Ml cot <l>y - i (ci - Wi cot c/>)2 = 2^ H 

because v^ is now the velocity of discharge from the volute, 
and therefore J (c^ - Ui cot ^). 

Ci^d-^) -Ci1liC0t<^(l - ^) 

- «i« (1 + Fi cosec'c^ + J cot' <A + -^ cot= <^) = 2^ H 

and putting «i = "5 J~gW 

ci'd - J) - K^ ~ 5) ^^ v^TH cot <^ 

- i ^ H (9 + F. cosec- <l> + i cot- </> + -^ cot' <^) = (32) 

If there is a diflFuser, volute, and chimney, and if rs = ^ rj, 
then 

2 Cj' - 2 Ci Wi cot <^ = Fi Wi' cosec' <^ 

tti' ^ (ci - u^ cot <^)' <7 H ^ o^ 

recollecting that __ _ Wi 

k 

- «>' (i, + F.cosec^.^ + F, ??^^) _ ^ - 2 J7H = o 

«i' (2 - 5) - «i x/7H cot ./. (1 - ^) 
-^H(^, + Zl£|2£!iH-lHiJli^ 2,^) =0.(33) 
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The values of Fi, F, that agree best with practice are both 
^. Substituting this in (28), we obtain 

Ci' - •281^Hcosec'0 = 2^H (34) 

from which the following table is calculated : — 

= 15 Ci = 2-47 sfgR M = -164 ri =? -66 

= 30 1-76 -32 -63 

= 45 1-60 '39 -57 

= 90 1-51 -41 -41 

so that the efficiency of an open-running fan without diffuser 
or volute is very low unless the vanes are curved backwards^ 
and it must be remembered that to get the mechanical 
efficiency of engine and fan we must multiply 77 by *85 on 
the average, so that the greatest mechanical efficiency of the 
combination is *56 per cent. Taking next the case of th& 
open-running fan with a diffuser whose sides are parallel 
and whose external radius is 1^ that of the fan, that is 

equation (30) becomes 

1-28 c^ - -28 Ci V^cot 0-^H(2-O3-h -IScosec'^) = . (35> 

which gives the following table : — 

= 15 Ci = 2-36 Jg~K M = -18 >y = -84 

30 1-66 -36 -75 

45 1-48 -45 -68 

90 1-31 -58 -58 

so that the highest possible mechanical efficiency of engine 
and fan would be 71 per cent. It must clearly be under-^ 
stood that is not the vane angle, but the angle of flow, and 
this will probably be from 15 deg. to 30 deg. greater than 
the vane angle. When the fan has no diflPuser but a volute 
and chimney, and the former of such a section that v^ = Wi^ 
then (31) becomes 

l-875ci«--875cot0CiN^-^H(2-297 + 2^)=o . (36) 
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from which we obtain 

= 15 ci = 2-43 Jg~^ M = 168 -q = '72 

30 1-61 -38 -83 

45 1-37 -63 -83 

90 1-10 -81 -81 

120 -99 1-02 -79 

135 -91 1-20 -78 

giving a maximum efficiency of engine and fan of 70 per cent. 
If, however, there is no chimney, but the air is discharged 
direct from the volute, and V4 = J Wi, then (32) becomes 

l-47c/-l|c.V^cot^-?H(9i + 2I|^)^, . (37> 

which gives us the following table : — 

= 15 ci = 2-45 J^ M = -166 17 = '69 

30 1-67 -36 -74 

45 1-46 -48 -70 

90 1-24 -64 -64 

giving a maximum efficiency of engine and fan of 63 per cent. 
Finally, if there are diffuser, volute, and chimney, 

1 -92 Ci» - -92 cot Ci JgR-g H (2*2 + -051 cot' <t>) = o . (38> 
and we get the following table : — 

= 15" c^ = 2-41 JiU M = -172 1? = '75 

30 1-59 -39 -86 

45 1-35 -55 -87 

60 1-22 -67 -87 

90 1-07 -87 -87 

120 -94 1-13 -87 

135 -87 1-33 -84 

giving a maximum efficiency of engine and fan of 74 per cent. 

A fan designed in this manner would require a very long 

chimney, as the taper of a chimney cannot be very great, in 

order to reduce the velocity of the air to so low a value as 

i Jg H. We shall therefore consider the case in which the 
external radius of the diffaser is 1^ that of the wheel, and 
the velocity v^ in the volute is J w,. Equation (25) then 
becomes, when we put 
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i 


5, = tt, cot 0, W, = 


Ci — «i cot 
1-5 


and «i = '5 


JgE, 




1-875 ci« - 1 Ci ^/^ H cot -^rH (2 


2 + -0625 cot' 0) = . (38a) 


from which we obtain the following table : — 


= 15° 


Ci = 241 JgB 


M = ^172 rf - -75 


= 30 


1-60 


•391 ^85 


= 45 


1^35 


•55 ^872 


= 90 


1^08 


•86 ^86 


- 120 


•96 


1-085 -835 


= 135 


•885 


1-275 -816 

* 



CHAPTER IV. 

11. Theoretical Characteristics of Fans.—U M is the 

manometric efficiency ^-r-, and 7=^ = the orifice, Q 

Ci \/^H 

being cubic feet or cubic metres, and H feet or metres, then 

Ci^ + PciQ - RQ2 - S^H = . . (22) 
it may be put in the form 

1+ -L£-R. 0^-8 = 0. . . (39) 
which is a quadratic for — __^, whose solution is 



J. = n/0^(P' + 4R) + 4S - OP. 

JM. 2 



(40) 



If a curve is drawn with as abscissa and M as ordinate, 
and another with as abscissa and the mechanical efficiency 
of the fan alone as ordinate, we get two characteristic curves, 
which are very useful in showing the excellence or otherwise 
of the design. 
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We shall now consider the characteristic curves of a fan 
with no diffuser, but a volute and chimney having ^ = 30 
deg. Assume that the external radius r^ is three times the 
internal rj, and that the velocity of inflow Wg is radial, and 
equal to '5 Jg H when 

Ca = Wo cot (14) 

= Jci = i X 1-6W^ 
/. cot^ = 1-07. 

Also at this orifice v^= w-^ = c^ — u^ cot ^ = (1"61 - '5 x 1*73) 
Jg H = '75 JgH, so that at any discharge we shall alwaya 
have 

^4 = 1 "5 Ml , 

because if «!, a^, etc., are the sections of passages in a 
machine through which a liquid flows, and Vi, Vo, etc., the 
corresponding mean velocities of flow, then 

ajVi = aaVo = ajVs = . . . . (41) 
Again, if Vg = J x/^ H when u^ = ^ Jg H, 

so that (24) becomes 



o 



2 Ci^ - 2 Ci Wi cot - Q- + f Oi Wi cot 6 - %i^ cot^ 

- -^ ''i^ cosec^ - u{- - (q - WiCot0 - VbuiY 

- •28 V - •0625 V =-- 2^H. 

%c^^ + (3 + fcot(9)c,Wi 

- V(cot2(9+licot-0 + 3cot0+ 3-7175) = 2^ H . (42) 



l*H>*i«^'>^A 



u,^ 



- |(cot= e + l^cot'^ + 3cot0 + 3-7175) -^- | = o. 
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Putting 4> = 30, cot 6 = 1*07, this becomes 





I + 4-177 / /^ - 15-1 ""i-^- 0, 


1 


7(17-45 + 60-4) "*'' + 9 - 4-177 ?%■ 

g H sjg E 


VM 


2 




^(77-85 ;^ . 9) - 4-177 ^J^^ ^ 



From the above we can find Wj, and thence >;, so that the 
following table is readily obtained ; only it must be remem- 
bered that for small orifices the fan efficiency is really less 

TT 

than - — -, owing to external friction between the outer 

surface of the wheel casing and . the air, or, if the wheel is 

open at the sides, between the fan casing and the air, which 

friction oc Ci in any fan, and the work wasted oc c^. If the 

a H 
efficiency were equal to , then at zero orifice it would be 

equal to M, whereas its real value is zero. 



Ml 


V gki 


M 


V 




V yti. 







1-5 


-44 







•1 


1-345 


-548 


•63 




•2 


1-326 


•662 


•77 




•3 


1-375 


-528 


•847 




•4 


1-43 


•49 


•94 




•5 


1-62 


-372 


•82 




•6 


1-78 


•314 


•74 




•8 


2*16 


•211 


•59 




1-0 


2-56 


•152 


•47 




1-5 


3-65 


•078 


•25 




2-0 


4-80 


•043 


•16 
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If ^ = 90 deg., then, when tbere is no shock at inflow, Ci = 
1 -1 V^H, and therefore 

cot6> = A= ^= -73; 
u^ 1*5 



also at this orifice v^ = w^ = Ci = \'\ si g H; 

11 



. •. V4 = 



«! - 2 2 Ml at all orifices. 






and 

80 that (24) becomes 



c,"" + 6-49 Ci Wi - 8-06 w,' - --^ H = 0. 

4 



n/^H 



/62-38 ^^ + 9 - 5-49 



t^i 



s/.g^H 



2 



from which we obtain the following table : — 



(44) 





1*1 


-^•-- 1 


M 


V 






Vyii 1 









1-5 1 


•44 









•1 


1-275 , 

1 


•608 


•608 






•2 


1-150 1 


•756 


•756 






•3 


1-08 


•846 


•846 






•4 


1-08 


•846 


•846 






•5 


1-10 


•810 


•810 






•6 


115 


•757 


•757 






•8 


1-30 


•598 


•539 






10 


1-47 


•449 


•449 






1-5 


1-99 


•250 


•250 






2-0 


2-54 


•152 


•152 
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If = 135, then, when there is no shock at inflow, Ci = 
•91 J g Hy and therefore 



oot(9=A=-^= -6; 

1*2 1*5 

also at this orifice 

v^ = Wi = Ci — Wi cot = Cj + Vi = 1*41 ^/y H, 

so that V4 = 2*82 Ui at all orifices, and v^ = ~, so that (24) 

4 

becomes 

ci= + 6-79 ci «! - 6-71 < - i^ H = ; 

4 



n/ 



/72-94 Jfjl + 9 - 6-79 



Wi 



from which the following table is calculated : — 



il£K . (45) 



Uy 


«i 


M 


V 




VyH 


VgB. 







1-5 


•44 







•2 


1-045 


•90 


•77 




•4 


•91 


1^21 


•83 




•5 


•91 


1-2 


•78 




•8 


1-015 


•99 


•54 




1-0 


1^130 


•77 


•41 




2-0 


1-88 


•53 


•187 





Hence in this type of fan there is a considerable advantage 
in making the vanes curve forward at discharge — that is, in 
making 4> equal to or greater than 90 deg. — for a water gauge 
of 1 in. corresponds to a head of air of about 70 ft., and 
therefore a high manometric efficiency is desirable if it does 
not sacrifice the mechanical efficiency to any serious extent, 
because it allows of the fan being driven direct from the 
engine, and thus avoids the friction of belting or ropes. It 
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also frequently happens that the orifice at which a fan 
has to work, during the time it is in use, is not con- 
stant; for example, owing to the enlargement of a mine, 
more air may be required at the same gauge. Now, with 
vanes having ^ greater than 90 deg., the manometric efficiency 

between the orifice at which Wj = 'i Jg ki and that at which 

Ui = '8 Jg ti is much more nearly constant than when 
= 30 deg. This type of fan must have an eflficient chim- 
ney, in which the gain of pressure head is equal to the loss 
of velocity head. If the flow of air to a chimney is not 
uniform, or the inclination of its sides is too great, its 
efficiency will be very low. We shall give later some experi- 
ments made by Messrs. HeeDan and Gilbert on the efficiency 
of chimneys. 

If the fan has a diffuser, its efficiency at a given orifice 
will obviously be practically the same when = 135 deg. as 
when = 30 deg., because the principal cause of difference 
is the loss of head in the volute, due to friction, and, owing 
to the diflfaser, the velocity is small and the loss of head 
equally so. Where there is not space to fit a good chimney 
(e.g., on board ship), then a fau must be used in which 
V4 = ^ w^ and = 30 deg., so that a high efficiency may be 
obtained at a constant orifice ; the vane angle at discharge 
might then be about 15 deg. 

The reader may possibly imagine that the above tables 

might be altered by a change in the ratio — . This, however, 

is not the case, because u^ cot ^ = Ca when i^ = '5 ^/gll ; 
hence the term u^ cot 6 will be imchanged whatever — may 

be. In the above we have assumed that the external radius 
Vi of the wheel is three times the internal r^, and a chansre 
in this will slightly afiect the coefficients of Cj 2«i, Wi', and g H. 

But whatever the ratio — may be, the real manometric 

efficiency at zero orifice should not differ much from ^, 
because the air within the eye is really rotating with the 
same angular velocity as that within the fan, and under 

these circumstances Cj = J2 g H. When Ui = '5 ^/g R 

4CF 
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the mechanical and mancMnetric efficiencies are entirely 
independent of — , becanae e^ — iu cot $ = a, 

Vclumetrie Efidemey. — ^If a £ui were made very large in 
proportion to iU dischai^ it would no doubt give a high 
mechanical efficiency, owing to the fiict that the loss due to 
the friction of air in the passages would be extremely small ; 
but the cost of such a fan would probably more than out- 
weigh the advantage thus obtained. It is, therefore, 
necessary for designers to have another ratio, which is 
usually called the volumetric efficiency, which compares the 
discharge with the tip speed e^ and the dimensions of the 
fau. Let Q be the discharge in cubys feet or metres, Ci and 
ri the tip speed and external radius in feet or metres, then, if 
the fan has one eye, the volumetric efficiency is 



(46) 



8=^ 

and if it has two eyes — t.f., one on each side — 

^=,j^ (46a) 

which is undoubtedly correct for propeller and screw, but is 
not 80 for radial and mixed flow fans. In the two former 
the space occupied by the wheel, and through which the air 
has to pass, is tt rj-, but in the latter the air passage is not. 
For example, a fan having a small diameter and moderate 
breadth at outflow may have a higher volumetric efficiency 
than one which has a large diameter and small breadth, 
although the circumferential area through which the air flows 

may be the same in both, and they may be so designed that — 

may be the same for both. For this reason we consider that 
a better measure of the volumetric efficiency is 

3i ^- (47) 

Ci n ^1 

whore h^ is the breadth of the wheel internally at the external 
radius. 
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In the following pages we shall mean by volumetric 
efficiency the quantity 3, and shall denote the more correct 
value by the letter S^. These efficiencies can be greater 
than unity. 



CHAPTER V. 

13. Design of Radicd Fiow Fans. — Fans may be divided 
into three classes, viz., those in which the flow through the 
wheel is in a plane perpendicular to the axis, or radial flow 
fans ; those in which the inflow is axial and the direction is 
gradually changed in the wheel to a radial one, these being 
named mixed flow fans ; and those in which the flow is axial, 
which are usually spoken of as screw or propeller fans. We 
shall now consider the design of the first of these three. 



We shall first consider the value 



Messrs. Heenan and Gilbert! found that with a fan 17 in. 
diameter and 8 in. broad the discharge was about 3,400 
cubic feet of air per minute at the most suitable orifice; 
the water gauge was 9*3 in., and consequently 

Q 3400 X 144 



tti = 



<7H = 



'Zirriby^ TT X 17 X S X 60* 
32 X 9-3 X 10000 



144 
at average temperature and pressure ; hence 



u 



^. = "134 very nearly. 



In Mr. Bryan Donkin's paper on Centrifugal Fans (Proc. 
Inst, of C.E., vol. cxxil, fan No. l),t a Rateau fan with an 

t See fig. 8, plate 6 of a paper on Oentrif ugal Fans, by Messrs. Heenaii and 
Gilbert, in the Proceedings of the lostitution of Civil En^eers, voL cxzli. 
X Book puOlieation only. See fig. 41 further on. 
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external radius of 9*8 in., has its maximum efficiency at an 
equivalent orifice of '4 square feet. The equivalent orifice 

Q Q 

^1 = Tk^ r-^^— = 1*088 -^- . (48) 

•65 being an assumed coefficient of contraction. In the 
Rateau ventilator 

2 TT ri 6i = 7Y 
so that 

Uj r^ Q 



sIgH. JgH 
u. '4 X 144 



V^H "" 1-088 X (9-8/ 



= -55 



U^ 



SO that — j^~ varies in practice between considerable limits, 

and we may assume it to' be what we please in our design. 
Again, the velocity at the eye of the Rateau fan is also 

•55 Jgii, In the Heenan fan inflow takes place at both 
sides, and the diameter of the eye is 9 in. ; the velocity of 
inflow is therefore 

•134 X TT X 8 X 17 , — , , 

^ JgR = -45 Jg H. 

2 X— X 9^ 

4 

Again, the radial component of the velocity of inflow at the 
inner radius is 

•134 X TT X 8 X 17 ,— - ,,, /- -^ 
, ^ S , g JgH = -253 JgK. 

Let us first consider the design of an open-running fan 
which is required to deliver 60,000 cubic feet of air per 
minute with a water gauge of 2 in. Here 

Q 1000 120 



Jgii S X ^ 8 

12 



= 15. 



Assume that the velocity of inflow at the sides is 

, 400 

•5 Jgti = ~^,^ = 33-33 ft. per sec. 
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Let r^ be the radius of the eye, then 

2 TT r4» X 33-33 = 1000 = Q 



, 500 



33-33 TT 

r^= 2-18 ft. 

The internal radius of the vanes should be made slightly 
larger than this, say 2|ft Let the velocity of inflow be 

•5 J ff H. The thickness of the vanes may be neglected, 
and we have 

2 TT ro 62 X '5 n/^H = 1000 ; 
where bz is the effective breadth of the wheel at radius rj, 

h = 1-91 ft. 

If the radial component at outflow Vi' — 'O J g R, and 
the vanes are made to touch the circumference at the outer 
radius, then we have already shown that >; = '66 and Ci = 

2-47 J g H. = 164-66 ft. per second. If the^ revolutions 
N per minute are flxed, we can calculate r^ from the formula 

2 TT ri N = 60 Ci, 

but if not, let rj = 2 r^ = 5 f t. ; then 

T^ 60 X 164-66 oi^ • X 

= Yri ~ ^^^ ^^^^ P®^ mmute, 

and the effective breadth at the outer radius 

61 = 6s^ - -955 ft. 

Of course all these dimensions must be reduced to their 
nearest values in feet and inches. 

If «i does not = '5 J </ H, we shall have another value of 
<j , which must be deduced from equation (21) ; since 

e,=c,^= 1-235 JJa, 
cot ^ = ^ = 1^ = 2-47. 
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The brake horse power required to drive the fan is 

B H P = 62-3 Q h ^ 62300 x 2 ^ ^g.g 
• * • 12 X 550 X t; 12 X 550 X -66 " ' 

so that the indicated horse power of the engine is 

I.H.P. = 5:1:^ = 33-6. 
•85 

Next suppose our fan is provided with a diffuser; the vane 
should be a tangent to the outer circumference, so that^ 
allowing for the divergence of the air, ^ = 15 deg., c^ = 

2-36 JjR, N = 300, and cot 6 = 2*36. 

The diffuser may be made with its sides diverging from 
one another about 7 deg., corresponding to an inclination to 
the vertical of about j-V? ^^^ ^^^ external radius is 

. r, = ljn=6ift. 

The diffuser may either rotate with the wheel or form part 
of the casing, and the sides of the wheel should not form a 
simple frustrum of a cone, but a radial section should be 
concave when looked at from the outside, so that the air 
may have no motion parallel to the axis when discharged 
from the wheel into the diffuser. The breadth of the diffuser 
at the external radius i:i 

h = h + i{r^ - r,) = Ml ft. 
The brake horse power is now 

BHP = 62-3 X 100 x 2 ^ 18-88 ^ ^^.g 
12 X 550 X -85 -85 ^" ' 

^""^ I.H.P. = ^•^'^' = 27-3. 

•85 

If the fan has no diffuser, or chimney, but a volute in which 

v^ = ^ Wi, then, as the highest efficiency is obtained with 0- 

= 30 deg., the vane angle at discharge should be 15 deg.,. 

Ci = 1*67 ^^H, N = 212 revolutions per minute, and 

cot 6 = 1-67, B.H.P. = i^'^- = 25*51, 1.H.P. = 30, w^^ = 

•74 

Ci - Wi, cot = '81 tjgil = 54. The section of the volute 
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is proportional to the angular distance from its beak E, 6g. 7, 
because the discharge from the fan is uniform all round the 
circumference, and if \p is this angular distance, s the section, 
and S is its section at discharge, then 

27r 
and S = -^- =: -9^ = ?22^ = 37 square feet, 

corresponding to a diameter of 6*87 ft. The section, how- 
ever, need not be circular ; a rectangular form is frequently 
used. In some cases the wheel discharges into the centre of 
this section ; in others, the volute is wholly outside the 
wheel. If the fan has a chimney, then Wi = V4, but in this 
case it is possible to obtain a high manometric efficiency. 
We shall consider the design in two cases : firstly, when 
</> = 90 deg.; secondly, when it is 120 deg. In the former 
case, we believe that it is necessary to make the vane angle 
about 105 deg., so that the average flow may be radial, if the 
number of vanes are few, say six ; but if twelve vanes at-e 
used, then the vanes may be radial at discharge. In either 

case, we may assume Cj = Wi = 1*1 Jg H, N = 139 revolu- 
tions per minute. The section of the volute at discharge is 

S = ^ = l^^^,^,^ = 13-63 square feet, 
Wi 7 000 

while the larger en 1 of the chimney has a section 

^ Q 1000 -.^ . . 

oi = — = ,- - =120 square feet. 

B.H.P. = l^^-^~ = 23-3 
•81 

and I.H.P. = 5:?^L = 274 

•85 

cot^ = 1-1. 

If = 120 deg. the vane angle should be 135 deg. if 
there are six vanes, and 120 deg. if there are twelve; 
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\hen Ci = -99 Jg'S, N = 126, and cot ^ = '99, B.H.P. = 
— y- = 23-9, LH.P. = -;g^ = 28-1, w^ = 1-278 J^, 

S = — = = ir7 square feet Sj = 120 square feet 

as before. 

We now come to the case where there is a diflfuser, volute, 
and chimney, and shall assume ^ = 120 deg., making the 
vane angle 135 deg. if there are six vanes, and 120 deg. if 
there are twelve. The external radius r^ of the volute is to 
be I J that of the wheel, and therefore 

rg = ej ft. 

18*88 

ci = -94 V^ H, N = 119, cot e = -94, B.H.P. =^ -^gy- = 21*7, 

I.H.P. = ^l''*- = 25-5. The breadth of the diffuser is as 

•85 

before I'll ft., and since 
Wi = Ci - Wicot0 = (-94 + -288) JgH = 1*228 sfg^. 

ws = ^-Wi = 4 X 1-228 JfE = 68-6. 

Hence S = -^-7-^ =14*5 square feet, and the large end of 

the chimney 120 square feet as before. 

It is the practice of some fan makers to make the sides of 
the wheel parallel, because no doubt it is very much cheaper; 
there must be, however, a considerable loss of head at inflow, 
and eddies must be formed, because the velocity of flow at 
the centre of the wheel must be greater than that at the 
sides. On the other hand, there is less loss of head at out- 

flow from the wheel owing to ^-^ being very much less than 

if 

— ^. Anyone who has read the above designs will have no 

if 

difficulty in calculating the dimensions of such a fan ; but to 
be strictly accurate he must not assume any of the tabulated 
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-values of 7==, but must find them from equations (21) to 

i(25), substituting the correct value of 7==-, and in these 
•equations a term Fg - ^- should be added to the left hand to 

if 

represent the additional loss of head at inflow and in the 
wheel. 

14. Design of Mixed-flow Fans. — In the previous designs we 
Tiave supposed that inflow takes place from both sides, and 
when a fan is forcing air into closed passages there is no 
reason why this should not be the case ; but when the air is 
being drawn from passages it is more convenient to erect 
the fan with inflow from one side, when the area of the eye 
must be made twice as great, and consequently the radius 
1*414 times. The ratio of the external to the internal 
radius cannot be rigidly fixed. Under these circumstances 




:a fan of the mixed-flow type is very suitable, and we shall 
now deal with this class. The Rateau fan is a very good 
illustration of this type of fan. Tho vanes seize upon the 
Air immediately it enters the eye of the fan, although there 
is a mouthpiece before the eye whose object is to make the 
velocity of inflow as uniform as possible over the whole area. 
The angle B must therefore vary with the radius, because 

cote ='=-=?=- 

2 TT 

where w = angular velocity of wheel in radians = - x revs. 

bU 

per minute. 
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But Ej varies from zero at the centre to r2 at the outer 
radius of the eye. Now, if a spiral of pitch jo, fig. 10, and radius- 
2 Trr, be traced round a cylinder and the cylinder developed,, 
one turn of the spiral will give us the line A B, whose incli- 
nation a to a line perpendicular to the axis gives us 

2 Trr 
cot a = . 

P 

Now, if a number of these spirals are traced with different 
values of r, it is clear that the cotangent of the angle in- 
creases as r, and the surface generated by joining all these 
spirals by lines perpendicular to the axis is called a helical 
or screw surface. It may also be generated by a straight 
line which passes through and is perpendicular to the axis, 
and which rises a distance p with uniform velocity while it 
makes a complete turn with uniform velocity. A straight 
line is usually employed to form a true helix, but a surface 
traced by a curve, whose plane contains the axis, and 
whose outer end is on a cylinder having this axis, this end 
tracing a spiral on the cylinder, will also trace a surface, any 
cylindrical section of which will give a spiral in which 



cot a = 



2 Trr 
P 



and the end of each vane of a mixed-flow fan must be a sur- 
face of this description. It should then guide the air round, 
so that it may flow in planes perpendicular to the axis of 
the fan. 

As the Rateau fan is the best illustration of a mixed-flow 
fan with which we are acquainted, we shall now describe it 
and give its proportions (figs. 11, 12). The fan centre con- 
sists of a cast-iron wheel A, upon which the vanes are fixed. 
A is formed by the revolution of the arc of a circle about 
the axis. At the eye it is conical, and at the periphery it is 
normal to the axis. In small fans the vanes are placed in 
the mould when A is cast, and in larger sizes they are held 
to it by angle irons. The number of vanes is 20 to 24 for 
small fans, and 24 to 30 for large. The edge ed oi the 
vanes is as close to the casing as possible, and c c? is calcu- 
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lated so that the relative velocity of the air between the 
vanes either remains constant or increases slightly from 
inflow to outflow. The fan centre is fixed to the end of the 
shaft, and the air is guided at inflow by the conical end a/ a, 
and also by the conical or bell-mouthed inlet Q Q, and ex- 
periment shows that at inflow the velocity is nearly uniform 
over the whole section. The casing contains diffuser and 
volute, which ends in a conical chimney. The diffuser 
increases slightly in width from inflow to outflow, and is^ 
spiral in form instead of circular, its height increasing in 
proportion to the angle measured from the radius through 
C to the bottom of the chimney. This necessitates a volute, 
whose cross section S increases according to the law : — - 

^ 360 ^ 360'^ V 

where v is the velocity at the commencement of its spiral,, 
and Oi is the angle in degrees measured from the radius 
through 'C. The kinetic energy of the air is thus reduced,, 
and its pressure increased. 

It is claimed by the inventor that the above arrangement 
gives better results than a circular diffuser, and a volute 
whose section increases in proportion to ^j. These fans 
receive the air on one side as a rule. This makes the instfil- 
lation easier, and avoids sharp corners before the eye of the 
pump. However, the wheel is not then completely balanced, 
and means have to be taken, such as a collar bearing, to 
prevent end motion. This lateral pressure is, however, only 
very small, because care is taken by means of the casing to 
isolate the atmospheric pressure. In consequence, the 
re-entry of air at space, which exists between the periphery 
of the fan and the internal circumference of the diffuser, is 
prevented, and the pressure behind the fan is lowered much 
below that of the atmosphere, so that the wheel is only 
very slightly pressed towards the suction side, and this is 
sometimes completely balanced by the centrifugal force of 
the air on the curved cast-iron surface of the fan. 

The vanes are of wrought iron, and are stamped in a 
mould. They have the following advantages : They are very 
rigid in consequence of their curvature in every direction,. 
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aad tbe trajectory of every particle of fluid bas aa almost 
constant curvctture, which, ia of great importaDce iu leaaeuing 
eddies. 

Kig. 13 is the geometrical conetruction for the vanes: 
K is the axis of the fan shaft, and circles passing 
through S, P, Q, R have radii equal to the external radius 
of the fan, while P It is the breadth of the vane at the tip. 
Take a point B on the circle 8, and through it draw arcs 



Be, BC ; the angle made by the arc Be with the tangent at 
B ia 46 deg. for a fan of type A (see Table I.), and generally 
is the angle made by the vane at the external radius f] with 
the tangent. The rotation in the figure is supposed to take 
place from B to the right, so that if vanes curved backwards 
are used the centre of B e would lie on the opposite side. 
The circular arc B C makes an angle C B B with the line B 6 
parallel to the axis, such thaty if Ug is the intended velocity 
of the air at normal speed, and c, is the peripheral speed at 
the extreme radius, then tan CBB = q/iii, and this will 
ensure that at any point on the arc B* the air will meet the 
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45- 



edge of the vane when the fan is running at the orifice for 
which it is designed. In tracing out the surface of the vane, 
the arc Be moves with B on the arc BC, and e on the 
cylindrical surface, with ex as radius and xx as axis ; the 
whole of this surface is, however, not required for the vane. 
Imagine abed to sweep round the axis k x and to cut out a 
portion ; this forms the vane, a d being the part near the 




Fio. 13. 



eye and he that near the periphery, while Ka forms the 
cone at the eye. This construction may therefore be used 
for any type of mixed-flow vane, whatever the angles 6 and 
have to be. Opposite are given, in Table I., the proportions 
of these fans, and in fig. 12a is shown a perspective view of 
a Bateau fan, with part of the casing removed to show the 
vanes. 

To design a fan of this typaibr a water gauge of 8 in. and 
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TABLE I. — Proportions of Rateau Fans. 
{The radius of the fan is denoted by rj.) 



For large 

volumes and 

small 

pressures 

(see figs. 5, 5a.) 



8ucti<ya Orifice— 

Externa) radius r 

Radius of cone .'. i p 

Area of suction orifice ' O 

Vanet— 
Initial inclination at the cir 
cumf erence of the suctioo 
orifice with the axis | 

^inal inclination at the cir-j 
cumf erence of the fan with' 
the rods j a 

Depth of Vane — 

At inflow a 

.At outflow « 

DiffVMT— 

Width e» 



•6r, 

•25 ri 



P 



45° 



45" 



•40 ri 
•Itfri 

•175 Vj, 



Depth of Spiral — 

-Initial ' h -lOr^ 

Final H i -SOri 

loclination of one face to 

another 7 4" + 3' 

J^pproxlmate length of the 

spiral* X 9-2 ri 

VoliUe— 
Formula giving the sectioDf' ' 
as functions of the arc ol 
the spiral a; t « rbx(l + .8z)0 

Chimney — i 

Height: L; 5 to rri 

Angle of chimney i $ \ 



r 



Typtjs. 

B 

For moderate 

volumes and 

pressures. 



•5r, 
•25 r I 



45' 

60* 

•28 ri 
•08 r, 

•09 ri 

•10 ri 
•60 rj 

4' + 3' 

9'2ri 



.45x{l+a:)0 

5 to 7ri 

6' 



For small 

volumes and 

high pressures. 



•26 ri 
•35r,« 



45' 



60' 

•19 r, 
•054 »•, 

05 ri 



•10 ri 
i 



•60 r 



8* + 2' 
9*2 ri 

40a;(l + l-2a:)O 



5to7r, 
5* 



* The end of the spiral is at a distance rx from the point which is on a radius 
passing through the origin of the spiral. 

t a; is the ratio of the length of the arc of the spiral from the origin to the point 
at which the section is to be calculated to the total length of the spiral X. 

z may be calculated as a function of the angle a> between two radii passing 
through the origin of the spiral, and the point of the spiral where the section is 

to be calculated by the following formula : x = -^ ( I + r^J. the angle (a being 

480 ^ lyoU' 

•expressed in degrees. 

t Oalcolated from the end of the spiral. 
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180,000 cubic ft per mm., we shall assume that the velocities 
of flow Uiy «j are *5 JgH, and since 

10000 



H = 8 X 



144 



, 100 

Ui = Ui = '5 v32 X 8 X -Jo" = 66*6 ft. per sec, 

«o that the area of the suction orifice (Table I.) 

Uf 66 'o 

rj = 6*71 ft., r, = '6 ri = 4*02 ft., and the radius of cone 
p = 1*675, so that the external diameter of the fan is 
13 '42 ft. The vanes are curved forwards, so that 
= 135 deg., and 12 vanes are used, so that we may 
assume the angle of flow practically coincides with the angle 
of vane. 

What is the best number of vanes for a given fan, is a 
question that we are unable to answer, as no experiments 
have been published upon this subject, and designers difler 
widely on the point. Up to a certain point, the greater the 
number of vanes the higher the water gauge, but a point 
must be reached at which additional surface friction not 
only reduces the eflficiency but reduces the gauge. 

It will be noticed that the width of the vane at outflow, 
which we denote by 6i, but which in Table I. is given as «, 
is '16 Ti, so that the cylindrical surface through which the 
air leaves the fan at radius ri is 2 tt x '16 rj', which is very 
little greater than r*. The final depth of the spiral H is 
3-355 ft, so that the radius at that point is 10*065 ft, and 
as the tip-speed of the wheel, from (38), 

c,-= -87 JjR, N = 165, 

.-. t^i = 1-37 JgK~= 182-5, 

n 182-5 TOO 
w, = w'l -^ = — -- = 122, 
r, 1*5 

and, according to our theory, this is the velocity in the 
volute if the chimney has a sufficient section to reduce the 
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velocity to a low value. Hence, following our theory, the 
section of the volute at discharge 

S = ^999. = 24-6 sq.ft., 

while, according to Table I., 

« = '5 0? (1 + '8 a?) rj', 

and X = I when « = S = '5 x 1-8 x 45 = 40*5 sq. ft. 
According to our theory the section of the chimney would be 

^ Q_ ^ 3000 X 12 ^ ,3Q , 
i ^/<7H :^00 ^ 

and, assuming the section of volute and chimney square, the 
chimney would require to be long enough to alter the side 
of the square from 4*95 ft. to 13*4 ft., which, with a total 
taper of 7 deg., would require a chimney whose height was 

J 13-4 - 4-95 8-45 .^ ,^ , 

L = ^ ^^ = = 69 ft., nearly 

tan 7° '1226 ' ^ 

= 10-3 ri 

instead of 5 to 7 times r^ (Table I.). In this case the 
brake horse power 

^„p 62-3 X 8 X 180000 ^.^ . 

970 

I.H.P. = ^ = 318. 

•85 

If, however, we assume a diffuser in which r, = 1*5 rj, 
and that V4 = | Ws* the chimney will be greatly reduced in 
height. The values of ri, r^ are the same as before, but, 
from (38a), 

Ci = -885 JgR] N = 168, 

w, = 1-385 Jin, 

V4 = i w'j = J w'l = -462 JgU; 
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hence the section of the volute at discharge 

= — 48 "o sq. ft., 

61-6 ^ ' 

which would form a square whose side is 6*97 ft., so that 
the length of the chimney would require to be 

= 52-4 ft 



J 13-4 - 6-97 

tan i 


6-43 
•12-26 


= 7-8 r,. 





Here B.H.P. = 278, I.H.P. = 328. 

In the first case, the angle that the vanes at the outer 
radius of the eye make with a tangent to the direction of 
motion — i.e., with a line perpendicular to both radius and 
axis — is given by 

. /, Ca -6 Ci -6 X -87 
cot ^ = -i = - — -.1^ -= 

= 1-04 
and in the second, 

. /, -6 X -885 T ^r* 
cot = = I'Oo, 

•5 

so that is as nearly as possible 45 deg. 

14a. On the Theory of the Spiral Diffuser and Volute, — 
Let Pa be the radius of the diffuser at an angle from its 
commencement, and let 

p^ = ri ■{■ c 6 '\- a 
where a and c are constants. 



Then 



t^g 



Wi ri + c + a 



The curve of flow of a particle in the diffuser is an equi- 
angular spiral. Let A, fig. 13flr, be the point where this 
particle leaves the wheel, and B where it leaves the diffuser 
and enters the volute, so that A B is an equiangular spiral. 

5CF 
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Let C be the wheel centre, and A C B be called a, and let 
the line CB be at ^ from the radius passing through the 
commencement of the diffuser. Then 

log C2 = K a = log — 

where K is the cotangent of the angle made by the equiangular 
spiral with the radius at any point, so that 

.'. a = :^ log -^ = _i log -i . 

K Vi Ui Vi 

Let S be the section of the volute made by a plane passing 
through the axis and C B. Then the section S has a quantity 




Fio. 13a. 



of air passing through it per second, represented by the 
quantity 



Q 



6 — a 



IT 



and we may suppose its velocity to be either w^ or ^ w^ at 
this section. Hence 



g ^ Q (c g + n + a) (e - "'1 log 
or double this quantity. 



Vi + c -{' a 



7\ 



). 
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CHAPTER VI, 

15. On the Variation of Pressure in a Centrifugal Fan, — 
To the designer of fans having two inlets this article is of 
no interest, but it will be found of service to the designer 
of radial fans or mixed flow fans having one eye. Suppose 
the fan is acting by suction, and that the velocity of inflow 
is 2*2, then the pressure per square foot measured positive 
when above the atmosphere, and negative when below, in 
feet of air is 



2y 

at the inner radius. 

At any radius r in the wheel let the absolute velocity be 
V5, and let c and w be the velocity of the wheel, and tangen- 
tial velocity of the air at that radius ; then the work done 
by the wheel from radius r^ to r is 

c w IV 

— per lb., 

9 
and this produces an increase of pressure head 

9 '^9 '^9' 
so that the pressure head becomes 









'^9 2v' 2^ 

80 that if ^ is the inclination of the relative direction of flow 
in the wheel with the direction of motion of the wheel, then 
the above head 

r' — cu cot \p 1^ + tn' TT 
= — — — Jtl 

9 25- 

= - — (<? — u^ cosec" \p — 2 jr H) 

if 
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where u and Vg are the radial component and absolute 
velocity of flow at radius r and correspond to tCi and v 
(fig. 5) at radius Vi. 

The above neglects friction, and supposes that inflow takes 
place without shock. At the outer radius r^ the pressure 
head becomes 

; — {c^ - Wi" cosec' (f> - 2 (7 H). 

The actual pressure in pounds per square foot may be 
obtained from the head by multiplying it by '075. The 
total pressure on the wheel in feet of air is therefore 



*/ra 



' (cr - u* cosec' \^ — 2 gK) dr 



ra ff 

in radial flow fans, and to find this the wheel may be divided 
into a number of small rings so that irrdr can be obtained 
for each, and 

— (c' - u^ cosec' xj/ - 2 ^ H) 

can be calculated at the middle of the ring whose mean 
radius is r and thickness d r. This will give a result which 
will be practically correct. 

The above assumes that the wheel, although there is only 
one eye through which air enters, has an opening of equal 
diameter at the other side. It also assumes that the disc of 
the wheel is on one side so that there is axial thrust, so that 
by making the wheel with a disc on each side, end thrust can 
be entirely avoided, and the end thrust due to suction at the 
eye comes on the fan casing and not on the wheel. If, how- 
ever, we are dealing with a mixed-flow fan we must proceed 
somewhat difierently. Our explanation will be clearly 
understood by reference to fig. 11. We want to find the 
axial component of the pressures on the cone a fa and the 
curved surfaces a by ah (neglecting vane thicknesses). 

Let r^ be the radius of the eye, then at the point / the 
head is 



- H 



- — (^y 
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« 

but as we get further to the left on the surface of the cone 
the velocity of the air increases, and the section of passage 
should be calculated perpendicular to the mean direction of 
the flow shown by the arrows. 

Let A be this section, then the head is 

and we may suppose the cone divided up into a number of 
rings, and a central circle and areas projected on to a plane 
perpendicular to the axis, multiplied by the corresponding 
head. From the point a to 6 we have merely to obtain the 
integral 

(o* - m' cosec' i/' - 9, gWj dr 
Ba 9 

where Rj is the radius of a, and it must be recollected that 
u cosec ^ is the velocity of flow of the air relative to the 
wheel. It can be more easily estimated by drawing lines 
perpendicular to the arrow, representing the mean direction 
of flow, and calculating the areas of the frustra of cones 
swept out by these. Then, if A is the area swept out by 
one of these lines, 

Q 

and \^ must be measured from a drawing of the vanes if it 
cannot be calculated. 

This pressure can be balanced by putting straight radial 
vanes at the back of the wheel, so as to set the air in motion 
at the back, because this reduces the pressure at the back 
considerably below that which would be produced either by 
the atmosphere or by a pressure over its whole area equal 
to that at the circumference. If there are no vanes at the 
back, and if the air is not put in rotation at the back, this 
last pressure will be exerted over the whole of the back of 
the fan. We know of no case in which fans have been thus 
balanced, but show in fig. 14 a sectional elevation of a centri- 
fugal pump balanced in this manner. This drawing is taken 
from a paper on " The Balancing of Centrifugal Pumps," by 
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Mr. J. Richarda, read before the Teclmical Society of 
Pacific Coast. In my opioion the holes shown at a: 
mistake. 

, Ima^ae a space, such as that at the back of the whee 
which a number of radial vanea cause every particle of ai 



rotate^at the same angular velocity. Consider a ring of air 
of mean radius r, and radial thickness </ r, and let the pres- 
sure outside Lie 

and that inside the ring 
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and take the axial width as unity. The weight of half the 
ring is, if D is the weight of 1 cubic foot of air, 



IT 



D(r + -^)dr, 



and the resultant of the centrifugal force is perpendicular to 
its diameter, and is 



F = 2D^^ cfr. 



9 
The resultant air pressure inwards is 

= 2 rdp. 
But P = F for equilibrium, so that 



2 S 
7 10 



Integrating 



2 D'-^dr = 2 rdp 
9 

r (0^ ^ 1 dp 

y J) d r' 



'•'•"' = ^ + c 



•ig \) 



where C ia the constant of integration, ao that, if R, be the 
internal radius at which rotation ceases, 

2g i) ' ' 

where P3, h^ are the pressure per square foot, and head at 
radius R, ; and at any radius r if P4, h^ are pressure and 
head, 

D * ' 2^ 

where h-^ in the case of the fan, is 

hi = Ci - III cosec' - 2 ^ H. 
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To calculate the whole pressure on the back of the wheel 
we must proceed as follows : The pressure head on a ring of 
mean radius r, and radial thickness d r, is 

so that the total pressure head between the radii R, and 
r^ is 



2 IT r 



,r (*. - -w :^') 



/' 

To this we should have to add //j tt (R,' - Rg*) the pressure 
on the flat annular end of the boss, R^ being the radius of 
the shaft. But if the vanes at the back do not extend to 
a radius r^, but to a smaller radius Ri, then the total pres- 
sure head on the back of the disc is 



(0" 



T (r.» - R,') h, + w (R,= - B,=) {h, - ^(R,» - R,=)} 

+ A, ;r (R,= - R,') ; 
we may note that 

^ 9 
in the latter case, and in the former put r^ for Rj. 

16a. On Similar Fans. — Suppose two fans made from 
the same drawing but to a different scale so that the 
dimensions of the one are n times that of the other, and 
suppose them to be driven so that the velocity of flow 
through corresponding parts of them is the same. Then 
the quantity delivered by the one will obviously be n^ times 
that by the other, and if the water gauge produced by each 
is the same, then the orifices will be as n^ is to 1, and the 
losses of head due to surface friction are the same because 
the areas of surface divided by the sections of the fan 
passages are the same, the roughness of the surfaces of 
course being supposed to be the same. If the manometric 
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efficiencies are the same the work per pound done by the 
wheels and the losses due to shock at inflow to them and 
outflow from these, are the same and therefore the air 
efficiencies or 
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1.4. 



where L is the losses of head, are the same. And we may 
reasonably suppose the manometric efficiency of the one to 
equal that of the other because the equation connecting Ci, 
H Jand internal velocities depends on the proportions of a 
fan and not on its absolute dimensions, and the proportions 
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are the same in both ; hence we have manometric efficiency, 
and mechanical efficiency are the same for orifices in the 
ratio of n* to 1. Now if we call 

^ - 



n' Jff H 



the reduced orifice, then a diagram can be drawn wnth these 
as abscissae, find the manometric and mechanical efficiencies 
as ordinates and we shall get two curves which will apply to 
fans of a given type but of different sizes. The volumetric 
efficiences Q -H Ci r^ is obviously the same at equal reduced 
orifices. In fig. 14a are shown characteristic curves of this 
nature for Rateau fans. We need not enlarge on the 
assistance such curves should give to the intelligent designer, 
but he must remember that engine friction must not be 
included in the mechanical efficiency, and that if there are 
sharp angles before the eye of the fan which disturb the 
inflow both mechanical and manometric efficiencies will be 
much reduced. 



CHAPTER VII, 

EXPBRIMBNTS ON FaNS. 

16. Messrs, Heenan and Gilbert's Experiments on Centri- 
fugal Fans. — The first experiments that we shall describe 
were made by Mr. Hammersley Heenan, M.I.C.E., and Mr. 
William Gilbert, Wh.Sch., A.M.LC.E.* Their object was 
(1) to determine the best shape of fan blade and fan case in 
order to secure a minimum expenditure of power when 
producing any given output of air, ?>., to find the best type 
of fan ; (2) the standard type being selected, to obtain data 
whereby the proper diameter of the standard fan and its 
most economical speed could be determined for any required 
output of air at a given pressure. They came to the 
conclusion that a fan with a few simple blades gives the best 

* Proceediogs of Institution of Civil Engineers, vol. cxxiii., Part I. 
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result, provided the form of blade and dimensions of the 
casing are designed to suit the kind of work required. F^fPa 
of mor e complex desig n have, iu their opinion, too large an 
i nternal lusitsiuiii oo to g tve the highest mech anical efficienc y^ 
although 



^ Ley are biill«r fbr producmg higfT nreaaare a. 

Careful tests of their measuring mstruments were made 
beforehand. The type of fan tested by them is shown in 
fig. 15, and consists of a centre or drum H K fitted with 
about six blades, revolving within a casing. The air enters 




- K- fl 4 --t:.— ■— :i._ j 



J 



1 




Scale, i inch s-l foot. 
28-INCH Blast Fan. 

Fig. 15. 

through the centre of the sides of the drum and is discharged 
at the outlet G ; we must here remark, in parenthesis, that 
the design of both casing and wheel appears to be faulty. 
T{^Q whftftl ]^f^^ pa rallel sides and hence the sudden change 
o f direction at inflow from axial to radial must cause eddie s, 
and some of the air is discharged from the wheel a^mst the 
up per curved aurface of the outlet while the f^ow from tKe^ 
ontlflf. mnat ha <\ pvthin^ but uniform over the whole sectio n 
as indeed was proved by experim ent. 

Suppose such a fan to be running at a constant speed, 
taking air from the atmosphere and discharging through a 
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delivery tube H K, fig. 16, having an outlet at K, the area 
of which can be varied. Let the fan centre be 28 in. 
diameter and the delivery tube 1 7 in. diameter. Let there 
be two water gauges, A and B, one of the branches of each 
of which is connected to a pipe soldered into the side of the 
delivery tube in the gauge A ; the other branch is attached 




to a pipe passing to the centre of the delivery tube, the end 
being suitably bent to fac^ the stream. The pressure in the 
pipe C (inductive action bfeing prevented) will be that due 
to the compression of the air only, but the pressure in D 
will be that due to the pressure and velocity combined. 
Hence the gauge A, which indicates the difference between 
the pressures in the pipes C and D, will record the pressure 
due to velocity only. The compression of the air can be 
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measured by the second gauge B. First, if the outlet be 
closed so that no air is delivered, the gauge A will remain at 
zero, since there is no flow of air through the tube, but the 
second gauge B will indicate a considerable compression, 
about llj in. of water, if the tip speed of the fan is 12,000 ft. 
per minute. Next let the end of the delivery tube be opened 
to give, say, half the area of the outlet K. The fan now 



•LAOC 



oc « 




Sole, ^ fall size^ 
Fig. 17. 

passes a considerable quantity of air, about 8,000 ft. per 
minute, and on account of this flow, the velocity gauge will 
indicate nearly If in. of water. The compression, as shown 
by the gauge B, will have fallen to 8 in. During the time 
the outlet of the delivery tube was closed, with no air being 
delivered the efficiency was of course zero. But when the 
fan is passing 8,000 cubic feet of air, under a compression 
of 8 in. of water, the efficiency reckoned on the compression 
alone will be about 66 per cent, 15 horse power being 
required to drive the fan. When the outlet of the delivery 
tube is fully opened, the fan delivers freely to the atmosphere. 
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and gauge B shows that the air is under no compression 
whatever, but the amount of air has increased to about 
13,700 cubic feet per minute, and the passage of this air 
through the delivery tube shows a velocity on A of nearly 
5 in. of water. Since the air is not compressed but merely 
expelled at atmospheric pressure the efficiency reckoned on 
the compression is now zero. There is necessarily a delivery 
intermediate between no delivery and no compression, at 
this tip speed of 12,000 ft. per minute, for which the 
mechanical efficiency, reckoned on the compression produced 
on the air,, is a maximum. 

Messrs. Heenan and Gilbert preferred to draw a .diagram 
in which the abscissae were cubic feet of air per minute for 
a fixed tip speed and the ordinates efficiencies, and water 
gauges at that speed ; a third curve was drawn showing the 
brake horse power required by the fan as an ordinate, and a 
fourth curve dotted shows the total efficiency, the kinetic 
energy in the air discharged being added to the work done 
in compressing the air. This is sometimes called dynamic 
efficiency and is misleading, except in cases in which the fan 
can be fitted with an expanding chimney, and then the 
kinetic energy left in the air at its mouth must be deducted. 
A fan that has a high dynamic efficieucy may really be one 
of very low real efficiency, and if quantity of air is of more 
consequence than the smallness of brake horse power then 
the volumetric efficiency should be given, and not an 
imaginary mechanical efficiency w^hich is not attainable. 
The horse power of the fan considering compression alone 
was calculated by the formula, 

Fan horse power = ^^^J2^ = 7rv?^» 
^ 33000 6352' 

where h — water gauge in inches and Q = cubic feet per 
• minute the pressure of 1 in. of water being equal to 5*2 lb. 
per square foot. Three forms of blade were tested shown 
fig. 17, numbered 2, 3, and 4 making angles of 35 deg., 
60 deg., and 90 deg., with tai;gents to the outer circum- 
ference, and 25 deg. with tangents to the inner circumference, i 
the fan centre being 17 in. in diameter and Sin. wide; figs. 
18, 19, 20, give curves of efficiency, water gauge and brake 
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horse power for each of these blades for a constant tip speed 
of 12,000 ft per minute. Blade No. 4 give the best result, 
although not much superior to blade No. 3. The arrange- 
ment of apparatus for measuring the brake horse power, 
volume of air, compression and speed are shown in fig. 21. 
The fan is driven from the counter shafting B B, which 
derives its motion from a spherical steam engine C. The 
outlet of the fan is connected by a short circular iron 
delivery tube with a boiler flue E E, 30 in. in diameter and 
18 ft. long. At the centre of the flue a partition F is fitted, 
to which can be attached a series of plates having circular 
orifices of various sizes, varying between 4 J in. and 18 in. 
diameter. A well-cut outlet of known diameter is placed at 
the end of the flue G, where the velocity of the air was 
measured by an anemometer. This opening was made much 
larger in diameter than the outlet of the fan, in order to 
avoid injuring the anemometer by a violent current of air. 
This outlet and the levers whereby the anemometer was 
moved over all portions of the outlet, the instrument being 
kept truly perpendicular to the axis of the flue, are shown 
in the end elevation. The pulley H driving the fan was 
not keyed to the shaft, but was driven by it through the 
Emerson power scale; a form of transmission dynamometer 
in which the moment of the driving effort is balanced, 
through a system of levers by a pendulum moving over a 
graduated scale. A speed counter records the revolutions of 
the shaft. A tachometer K, coupled to the countershafting 
B B by a spiral spring, enabled the speed of that shaftiag to 
be regulated, and the proper tip speed to be approximately 
maintained by the man in charge of the engine. A small 
band counter, carried in a sliding frame L, and applied when 
necessary to the fan spindle, enabled the exact number of 
revolutions per minute of the fan to be obtained. Measure- 
ments of the pressure and velocity of the air-stream were 
taken at the section M M of the delivery tube. The velocity 
varied greatly in different positions on the same cross-section 
of the tube. Readings were taken at several points in a 
cross-section by means of two gauges, each of which could 
be traversed over a diameter at right angles to the other. 
It was afterwards found unnecessary to measure the velocity, 
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since it can be readily calculated when the discharge, as 
meastired by the anemometer, is known ; but at the same 
time the velocity, as measured by the velocity gauge, gives 
a check on the anemometer readings. If the cross-section 
of the delivery tube be divided into a number of imaginary 
areas and the square root of the mean gauge reading for each 
area be multiplied by that area and by a suitable constant, 
then these results added together give the total discharge of 
the fen. The annexed table illustrates the variation of 
velocity referred to ; it gives the gauge-reading due to the 
velocity in four positions along a diameter of the cross-section 
of the delivery tube, where the gauge was fitted, as taken 
simultaneously. 





Gauflre reading 


Air velocity, 


Distance from 




Position. 


due to 


feet per 


centre of 


Remarks. 




velocity. 


second. 


tube. 










Inches. 




1 


3-20 


118 


+ 3-1 


Diameter of 


2 


2-88 


112 


+ 1-1 


delivery tube, 


3 


1-85 


90 


- 1-1 


8-9 in. 


4 


1-70 


86 


- 3-1 





This, we think, is a proof of imperfect design of the fan, 
because if well designed there is no reason why the velocity 
should not be almost uniform over the whole section of the 
tube ; if anything, it should be greater at the centre than 
the sides. It will be noticed in the drawing of a similar 
type of fan, ^g, 15, that some of the discharge from the 
fan is thrown against the upper surface of the discharge 
pipe, instead of the w^hole stream flowing out parallel to the 
axis of the tube, as it should do. The measurement of the 
compression presented some difficulty, owing to the fact 
that the air flowing across the end of the side gauge caused 
a large amount of induction ; a vacuum being often recorded 
where a pressure was known to exist. The authors were 
indebted to Professor W. C. Unwin for the information that 
a plate placed across the end of the tube w^ould prevent this 
inductive action. The form of side gauge used for measuring 
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he static pressure is shown in tig. 38. It was tested by 
iessrs. Heenan and Gilbert, and found to give very good 
esults. To draw the characteristic curves from the experi- 
nental results, seven resistance plates, A, B. C, D, E, F, with 
graded circular orifices, were arranged to fasten on to the 
centre F of the boiler flue. Two observations were taken 
with each plate of the discharge, the compression and horse 
power supplied to the fan at or near tip speeds of 5,000 ft., 
6,000 ft., and 12,000 ft. per minute. The authors verified 
the following laws :^ 

1. The air discharge varies as the speed. ) ri ^ x ^ 

2 nil J' • / j\4 \ 1? or a coust/AUt 

. The gauge readmg vanes as (speed) . > . . 

3. The B.H.P. varies as the (speed)^ ) 

We have already given these laws in preceding articles. 
Curves were then drawn with cubic feet per minute at a 
given tip speed as abscissae, and with ordinates, water gauge, 




BM iJRim lEinr 






Fir. 22. 



Fio. 23. 



brake horse power, mechanical efficiency, static and dynamic, 
and dynamic water gauge, at the same tip speed. The 
dynamic water gauge is the sum of the static gauge, and 
the gauge due to velocity. These curves are shown in 
figs. J 8, 19, 20, for tip speeds of 12,000 ft. per minute. 
All the recorded tests of Heenan fans were made with 
centres having parallel sides, and wuth the proper clearance 
in the case to allow the air to flow uniformly from the fan 
centre at all portions of its circumference. With the same 
apparatus tests were made on several fans of various types. 
6cp 
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Fig. 22 shows the characteristics obtained at a tip speed of 
12,000 ft. per minute from a fan 16 in. diameter, having 
tapering side plates. The diameter of the inlet was 5§ in., 
the widths of the fan centre at inlet and outlet being 7^ in. 
and IJin. respectively. This fan ran in a concentric case, 
the clearance being l|^ in. (which in our opinion made the 
comparison of tapering versus parallel sides worthless, as the 
preceding theory very clearly shows that a well-designed 
volute is necessary to obtain high efficiency and a suitable 
water gauge). The compression obtained with closed outlet 
was 9*4 in., against 11*2 in. with blade No. 4, fig. 17. 
Further, the compression fell off very rapidly with increase 
of output, so that the working coropression would not be 
more than 8 in. The efficiency was also low (as might 
reasonably be expected). Fig. 23 shows the characteristic 
obtained at 12,000 ft per minute from a fan centre 12 in. 
diameter, the maximum width being 2 J in. The centre 
rotated in a whirlpool chamber of 23 in. diameter. The 
centre was of cast iron, and the tip angle of the blades was 
30 deg. Of course, the efficiency measured, which was less 
than 30 per cent, would not be representative for so small a 
fan, but the maximum compression did not exceed 4*4 in. 
The effect of a whirlpool chamber (usually called a diffuser) 
is to produce a very quiet running fan. 

17. Test of a Mine Ventilating Fan. — This fan was 
supplied to the Parkend Colliery Company, South Wales, by 
Messrs. Heenan and Gilbert. The fan, in connection with 
the approach tunnel and ventilating shaft of the mine, is 
shown in fig. 24. The wheel is 7 ft. diameter and 2 ft. wide. 
The upper portion of the case and evase chimney is built 
up of wrought-iron plates, the lower portion being formed 
in brickwork 4 J in. thick. The fan was driven by a 
horizontal non-condensing engine, ihe cylinder being 12^ in. 
diameter and 17f in. stroke. Cotton ropes were used for 
driving, two only being in operation at the time of the 
experiment. The engine was an old one, and was not 
supplied with the fan. The boiler pressure averaged 40 lb. 
per inch. To provide a variable resistance for the fan, three 
9 in. by 3 in. planks were placed across the mouth of the air 
drift, and boards nailed to, these planks restricted the flow 
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of air to tbe Tau more or less as required. The folding 
doors ftt the top of the ventilating shaft were open during 
the whole of the test. A tachometer, driven by a belt 
from the fan shaft, enabled the approximate speed of tbe fan 
to be judged and regulated by the man in charge of the 
engine ; the number of revolutions in a two-minute reading 
being obtained by a hand-counter held to the fan ahatt. The 
engine apeed was obtained by a small counter applied to the 
shaft in the same manner. The air discharge was measured 
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by an anemometer held at the top of the fan chimney, a 
staging being erected for the iiurpose. The area of the top 
of the chimney was divided into eight equal rectangles by 
means of wires tightly stretched across, and the anemometer, 
attached to a small iron tube, was held for a quarter of a 
minute in each division. In this fan the flow of air was 
fairly uniform over the whole of the outlet area of the 
chimney, but in some cases, whore the fan was run slowly 
for experimental purposes, guide vanes had to be fitted in tho 
base of the chimney to secure the result mentioned. Four 
degrees of opening were arranged at the adjustable orifice, 
and for each of these readings were taken with tip speeds 
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of 4,000 ft, 5,000 ft., 6,000 ft., 8,000 ft., and 9,000 ft. per 
minute. The duration of each reading was two minutes, 
and it was taken twice. The observer with the watch was 
stationed in the engine-room, and signalled by an electric 
bell to the observers at the anemometer and fan counter. 
Indicator diagrams were taken from the ends of the engine 
cylinder during each reading. The vacuum produced by the 
fan was measured by a side gauge, placed in the air drift 
close to the fan inlet, and a pipe led from this tip to a 
water gauge placed on a table outside. (In our opinion this 
is one of the • reasons for the apparently high efficiency 
obtained by the fan, which at a tip speed of 9,000 ft. per 
minute reached 70 per cent.) We have already stated in 
Section 5 that if the manometer is placed in a strong, current 
of air the water gauge will be increased, and that at- inflow 
to the fan this will not be the correct gauge. When ^^^ fan 
was running at a tip speed of 9,000ft. per minute the dis- 
charge from the fan at the efficiency of 70 per cent was 14 
cubic feet per square inch of diametral wheel section per 
minute, so that the flow into the eye, even assuming it to 
be uniform and neglecting the obstruction of the bearing, 
was at a velocity (»f , 



14 24 X 84 



X 



60 TT /Qoxo 



= 44-6, 



because the eye was 3f ft. diameter and the centre section 

24 X 84 in. This velocity would increase the water gauge 

by - 

(44-6)2 144 

^^ — /_ X - — - = 44/0 m. 
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It was 5 '6 in., and should therefore be reduced to at least 
5*16 in., so that the efficiency could not be more than 

5*16 

X 70 = 64 '.o per cent, 

5*6 ^ , 

(even assuming that the anemometer did not exaggerate the 
discharge, which it invariably does.) Thre^j^ side gauges 
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C C, fig. 24, were also placed at the root of the chimney, so 
that the vacuum produced, and consequently the efficiency 
of the chimney, could be determined. It was found that the 
vacuum was practically the same at all three, so that only 
one was read. ^ Figs. 25 to 28 give the characteristic curves 
obtained from this test. The dotted lines e e correspond with 
the resistance ofiFered when the choking boards were removed 
and the fan took air from the mine only. The maximum 
efficiency increases with the speed, and is 67*2 per cent at 
a tip speed of 8,000 ft. per minute, and 70*3 per cent at 





Fio. 32. 

9,000 ft. per minute.. The fan was designed to pass 20,000 
cubic feet per minute with a water guage of 3| in., at a 
speed of 300 revolutions. At 7,000 fr. per minute and 
318 revolutions, the water gauge was 345 and the discharge 
23,150 cubic feet, so that the fan is amply large enough for 
the work. 

18. Test of Water-gauge Tips, — The apparatus by means 
of which the accuracy of the tips used for the measurement 
of air pressure and velocity was tested is shown in fig. 32. 
To test the facing gauges, or Pitpt tubes, the following 
method was adopted : The tip was moved at a known 
velocity through air at rest, and provision was made whereby 
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a water gauge recorded the pressure thus set up. B 6 is a 
wrought-iron circular tank 7 ft. in diameter, and divided into 
eight compartments by vertical dashboards C. The tip to 
be tested was screwed into a horizontal pipe D E, attached 
to and rotated by the hollow vertical spiudle of the appara- 
tus. The top bearing of this vertical spindle was formed in 
a hardwood block, a stuffing box being used in connection 
with it. From the upper portion of the block a pipe led to 
the water gauge. Free communication was thus established 
between the tip under test and the recording water gauge. 
The vertical spindle was driven from a countershaft by a 
belt pulley and suitable gearing, the revolutions per minute 
being recorded by the hand counter F. The tip under test 
was arranged to describe a circle 20 ft. in circumference. 
The object of the dashboards being to prevent motion of the 
air in the tank, the openings in them through which the tip 
and pipe passed were made as small as possible. A facing 
gauge G was inserted into the tank, just clear of the path of 
the revolving tip. No reading was detected on this gauge, 
so that the velocity of the air in the tank could never have 
exceeded 10 ft. per second, corresponditig with a reading of 
^^^th in. Velocities lower than this could not be read on 
an ordinary facing gauge. The tip speeds used reached 
200 ft. per second. 

We think that a few words on the theory of the Pitot 
tube will not be out of place here. Suppose a fluid in 
motion impinges upon a plane surface set at right angles to 
it, and flows away in a direction perpendicular to its original 
direction ; then, since the change of the momentum is equal 
to the impulse of the external forces (Newton's Second Law 
of Motion), 

y 

where W is the weight of the fluid impinging on the plate 
per second, v is its velocity, t the time in seconds, and P the 
force produced ; 

.*. - v = P; 
9 
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and if A is the section of the jet 

D ^ = P, or ^^- = i: = ^ = H, 
g ' DA ^ D 

where j> is the pressure per square foot, D is the density, 
and H is the head equivalent to the pressure p. Hence we 
might at first imagine that the reading of the Pitot tube 
would be v'\gy instead of v'/^ g in feet of air ; but the air 
deviated by the shock upon the end of the Pitot tube does 
not lose the whole of its momentum parallel to the axis of 
the tube, so that in reality 

9 

where wi is a coefficient smaller than unity, depending 
probably upon the section of the orifice and of that of the 
conduit in which it is situated. When the orifice is small 
compared with the conduit, experiment shows that m = ^ 
very nearly. If h is the water gauge in inches, 

/I = 1^ R _ 12 X 39'SBi;'- 

2g p ~ 64 4 X 6:^-3 x '2d'92'6 

where p = weight of 1 cubic foot of water. 



251 



for dry air (49) 



where B is the height of the barometer in inches of mercury, 
and 6 is the absolute temperature in Fahrenheit degrees, or 

(9 = F + 461; 

so that if we put B = 29-9 and F = 62 deg., 

h = — t-— in. of water. 
4390 

To test a tip the water gauge connected with the revolving 
tube is observed, and the reading compared with that calcu- 
lated from the equation 

k = , 

^9P 
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the correct values of D and p being used ; a correction must, 
however, be introduced for the vacuum produced by the 
centrifugal force of the air in the revolving horizontal tube 
D E. This vacuum we have already shown in secticjn 1 5 to 
be Dfr^l2g at the centre ; for, in a mass of air rotating, we 
proved that 

so that if 7-1 be the external radius, and 

V = r^io, 



2^ D 

where Pi - p^ is the difference of pressure between the 
centre and radius rj. Uence if the tip measures the pres- 
sure due to the air velocity correctly, there should be no 
reading on the water gauge for any speed, as the vacuum 
due to the centrifugal force just balances the pressure due to 
the velocity of the moving tip against the air. As a matter 
of fact, small readings were observed on the manometer, but 
these were accounted for by supposing that the air in the 
tank was drawn round by the rotation of the tip, and. that 
the maximum velocities of the air were — for gauge, fig. 33, 
2*7 ft. per second ; for gauge, fig. 34, 5*9 ft. per second ; and 
for gauge, fig. 35, 5*4 ft. per second; so that the velocity of 
the air may be calculated by formula (49) The table giving 
these experiments will be found in Appendix II. of Messrs. 
Heenan and Gilbert's paper. 

In testing side-gauge tips it is clear that the water-gauge 
reading will be the vacuum due to the centrifugal force of 
the air in the rotating tube plus the vacuum produced by 
the inductive action of the air flowing across the face of the 
tip. It is the amount of the latter action that is to be 
determined by experiment. The results of tests on three 
forms of tips used as side gauges are given in the table 
below^ Experiments Nos. 604 and 605 were made on the 
side tips, figs. 36 and 37. The vacuum recorded in the 
revolving tube is given in column 3, and in column 4 is 
shown the calculated vacuum that would be produced in 
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the revolving tube by the action of centrifugal force. The 
difference between these readiuge, as given in column 5, is 
the vacuum pnxiuced on the tube bj inductive action at 
each speed. It follows, therefore, as tabulated in column 6, 
that if these tips be used to measure the pressure in a 
stream of air flowing through a pipe, by placing them at 
right angles to the direction of flow, the pressure recorded 




will be less than the correct amount by a quantity equal to 
about 45 per cent of the gauge reading, which would 
represent the velocity of the air stream in question, 
column 6. Small diflerences in the shape of the tips might 
considerably affect the result Eiperiment No. 606 was 
made on the standard side gauge adopted, fig. 38. The 
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vacuum recorded in column 5 would be accounted for by an 
air velocity in the tank itself of about the same amount as 
that produced by the bell-mouthed facing gauges, w^hich. 
caused air velocities in the tank varying between '66 ft. and 

Test of Side-gauge Tips. 



No. of 
experiment. 


Tip speed in feet 
per second. 


Water-gauge 
reading. 


Calculate<l vacuum 
f ue to tip speed 


Vacuum due to 
induction. 


Gauge reading due 

to induction. 

Per cent. 


• 
Remarks. 


/ 


68-8 


1*59 


1-07 


-52 


49 




1 109-5 
604 /' 187-2 


4-03 
6-18 


2-73 
4-27 


1-30 
1-91 


48-0 
45-0 


Thin side tip, fig. 36. Tem- 
perature Fah., 53-2. Ba- 
rometer, 29 '47. 


1 160-0 


8-50 


5-82 


2-68 


46-0 


h = 

4395 


I 


190-4 


11-66 


8-24 


3-42 


42-0 




/ 


81-8 


2-24 


1-51 


-73 


48-0 


• 


1 ' 99-8 
006 /; 113-2 


3-20 
4-22 


2-26 
2-90 


•94 
1-35 


42-0 
46-0 


Medium side tip, fig. 87. 
Temperature Fah. = 57. 
Barometer = 29-68. 


|l 136-8 


6-40 


4-25 


2-15 


61-0 


4400 


V 


167-8 


9-65 


6-38 


3-27 


61-0 




/ 


69-3 


1-13 


1-09 


•04 


8^7 






81-0 


1-58 


1-49 


-09 


6-0 




606 < 


104-0 
127-3 


2-58 
3-90 


2 46 
3-68 


-12 

•22 


4-9 

6-0 


Standard side gauge, fig. 38. 
Temperature Fah. 44 deg. 
Barometer = 28*89. 




151-0 


5-57 


5-19 


•38 


7-3 


h - 

44U0 


187-0 


8-48 


7-95 


-53 


6-8 





5*9 ft. per second. It appears reasonable to assign the 
small reading obtained to that cause, and to assume that the 
inductive action is completely neutralised by this gauge. 
For low velocities, such as are found in mine drifts, the form 
of gauge is unimportant, since there is practically no indica- 
tion on the gauge due to velocity, or any inductive action to 
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be guarded against ; but in the case of blast or cupola fans 
the conditions are very different, and a correct side gauge is 
essential. (In our opinion the above is the most valuable 
part of Messrs. Heenan and Gilbert's paper.) 



CHAPTER VIII. 

19. Experiments on Centrifugal Fans by Bryan Donkin^ 
M.LCE* — These experiments were made on small fans, 
but are as valuable as, if not more so than, any other experi- 
ments made on fans, as it is extremely probable that the 
quantities of air recorded are correct. These trials were 
made in '93 — '94. Mr. Don kin found that when the passages 
remained the same the discharge varied as the speed. In 
e ach set of experiments upon a given type of fan the quan 
t ity of air passing was varied, and a change in the pressur e 
was producea by tnrotthng the flow in the delivery pipe at 
some distance from the fan, and allowing the air to pass 
successively in each experiment through wove wire of 3, 8, 
30, and 50 meshes to an inch. The "equivalent orifice" 
was also varied by the insertion of one to four pieces of per- 
forated zinc superposed. The wove wire of 3 and 8 meshes 
to an inch gave respectively by calculation an effective area 
of 80 per cent, and 56 per cent of the area of the pipe. One 
piece of perforated zinc gave an area of 40 per cent. Experi- 
ments under these several conditions, as well as with no 
baffle, were made upon each fan, the end of the delivery pipe 
being open to the atmosphere in all cases. This end was, in 
a final experiment, completely stopped, and the air, instead 
of passing through the fan, was churned up inside it. The 
I.H.P. was taken in each case, as well as the pressure of the 
air and the speed of the fan. About ten experiments were 
made on each fan, each occupying about 15 minutes after 
all conditions had become constant, and as a similar series of 
experiments were made upon each, with the same pipe and 
apparatus, the results are comparable. 

* Proceedings of the Institution of Civil Engineers, vol. cxii. 
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Eleven different types of fan were tested, of diameters 
varying between 16 in. and 25i- in. The number and sliape 
of the vanes differed considerably, figs. 39 and 40. Each fan 
was driven by a strap from the same steam engine, which 
was indicated to give the power abaorbed. The I.H.P. 
required to drive the engine at different speeds was accu- 
rately known, and was in each case deducted from the total 
I.H.P. A large quantity of air is required at low pressure 
in some cases, and in others a small quantity at high pres- 
sure. The volume of air passing at the maximum pressure, 
with a given speed of the fan and equivalent orifice, was 







determined in the experiments. The terms volumetric, and 
manometric (or preasiire) efficiencies, are explained in Sections 
1-2 and 10, and are— 



md the mechanical efficiency of the fan itself is 
62-3 Q A 



. (46) 
. (25«) 



!) 
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where Q la the diijcbarge in cubic feet per second and B.H.P. 
is the horee powei supplied to the fan shaft The number 
of vanea of each fan, together with their shape and direction 
of curvature, are given in Table III, The easing iu which 
the vanes revolved differed considerably in shape, but was 
always of cast Iron. The vanes revolved in some cases with 
the concave, in some with the convex, and in others with the 
flat side to ihe outlet. They were set aometimea radially and 




_ . Cgtf^ JjuKr of Fan, SpjfidJ.- 



Fm. « 



Bometimea inclined to tbe centre of the shaft. Tlie fan was 
in some casea driven with the blades revolving in the 
opposite direction to that indicated by the makers, and an 
iacrea^e in delivery resulted, although other conditions 
remained the same. A drawing of each fan ia given in 
fig. 41. The maximum efficiency or the best experiment on 
each ia given in Table III., and the volumetric, manometric 
(or pressure), and mechanical efficiencies are represented 
graphicallj iu figa. 43, 44, aud 45. As regards possible 
errors, the speeds, pressures, and quantities of air are probably 
correct to within 3 and 4 per cent Table IV. gives the 
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ENO-VieW OF PIPE 
AT Z SHOWING POINTS 
AT WHICH PRESSURES 
WERE TAKEN. 




CROSS-SECTION OF PIPE 

SHOWING PRESSURES AT 

THE II POSITIONS IN 

INCHES OF WATER 



Fig. 42a. 
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results of the experiments on the different fans with maxi- 
mum and minimum equivalent orifices, together with par- 
ticulars as to 8peed8, &c., observed in the tests. 

Experimental Apparatus. — A couical piece of pipeXY, 
fig. 42, fitting the outlet of each fan, was bolted, as shown, 
to the fan under test on one side, and to a wrought-iron pipe, 
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Fio. 44. 



14:7rVin. in diameter, at the other. This latter was used for 



all experiments. Each fan was driven from a small engine 
by a strap from a rigger fixed on the crank shaft. Two 
assistants started the counters by signal at the same instant, 
and at the end of the experiment they were similarly thrown 
oat of gear. By this means the speeds and slip of the strap 
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were ascertained. At A and B two pipes of J in. diameter 
were fixed to the air pipe YZ, and to these were attached 
two U water gauges, by which the static pressures of air were 
observed. The dynamic pressures were obtained by means 
of a dial gauge of special design. The circular pieces of wove 
wire or perforated zinc were fixed inside the pipe at C, 
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causing the air to be uniformly baffled, diminishing the 
flow through the fan, but increasing the pressures as the 
areas were successively reduced. These pieces of wire or 
zinc were changed for each experiment. The free end of the 
pipe at Z delivered the air from the fan into the atmosphere. 
The Pitot tube system was adopted for the measurement 
of the air as being quite as correct as, and more convenient 
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tban, an anemometer. We think that the- reason that 
the flow was correctly recorded was that the air was 
uniformly baffled over the whole surface of the section of the 
discharge pipe, and eddies, which are set up by sudden con- 
traction at a single orifice, as was the case in the experiments 
made by Messrs. Heenan and Gilbert, were avoided. An 
important point was to determine the mean speed of the air 
in the pipe Y Z. 

The Breslau experiments, made by the Prussian Mining 
Commission, in 1884, showed that anemometers give too high 
results when calibrated in the usual way in a circular path. 
The speeds of the air on issuing from the pipe into the 
atmosphere were measured at Z in the following way : A 
carefully-made brass Pitot tube, ^in. in internal diameter, 
was held in the hand, with its open end facing the currents 
of air at Z. The other end was connected by an indiarubber 
pipe to a special dial water gauge, fig. 42, on which the 
dynamic pressures due to varying velocities of air, at 
different positions in the pipe, were ^ indicated. On this 
gauge a deflection of 33 millimetres represented a water 
pressure of 1 millimetre. At the free end of the pipe at Z a 
template of wire was fixed, dividing it into eight equal 
areas. At the centre of gravity of each of these areas the 
Pitot tube was supported by the wire template. The mean 
of these eight readings in each experiment was taken as the 
average pressure in millimetres of water. (As a measure- 
ment of the mean velocity it would have been more accurate 
to take the mean of the square roots of all the readings, as 
we have shown that 

if h is measured in inches, and p and D are the densities of 
water and air.) The dynamic air pressure was also taken at 
a distance of two-thirds of the radius from the centre of the 
pipe. The Breslau experiments showed that this particular 
position gave the mean dynamic air pressure in the pipe due 
to the mean velocity, a result which was confirmed by Mr. 
Donkin's tests. The mean dynamic pressure at Z having 
been thus obtained, the mean velocity of the air was deduced 
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-from the formula (2) given in the list of formulae used in the 
experiments. The mean velocity having been determined, 
the quantity of air in cubic feet per second was obtained by 
multiplying the velocity by the area of the pipe. The latter 
was gauged inside the end of the pipe Z, allowance being 
made for the wire template. The temperature of the air at 
Z was noted in each experiment with a wet and dry bulb 
thermometer, and the barometric pressure was also observed. 
20. Types of Fans Uaed in the above Experiments. — Fan 
No. I. : This fan was made with twenty specially-shaped 
wrought-iron vanes curved in two directions, and revolving 
with the concave side to the outlet. The casing, of volute 
form, gradually increased in cross-sectional area towards the 
outlet, and there was only one inlet for air of special bell- 
mouthed form. The driving shaft was fixed in the centre of 
the inlet, with a cone on its end to guide the air to the 
revolving blades, and there was no bearing or obstruction to 
prevent the air from entering freely. The two brass bearings 
for the shaft, one with three thrust collars and one plain, 
measured If in. diameter by 5^ in. long. This fan worked 
very quietly. In this case details of the ten experiments 
are given in Table II. Little attention was paid to ensuring 
any particular speed in each experiment, as it was found in the 
fans tested that, all other conditions being the same, the 
quantity of air delivered was proportional to the speed. The 
three efficiencies of this fan are all high. Two special experi- 
ments were made with a sheet of perforated zinc in the pipe — 
one with the vanes varnished and covered with coal dust to 
represent dirty vanes in a coal mine, and the other with 
vanes clean and bright. Corrected for speed, the results of 
the comparison showed that 10| per cent more air was 
delivered by the clean vanes, but the mechanical efficiency 
was about the same. The pressure efficiency was 1 1 per cent 
and the volumetric efficiency 6 per cent higher with clean 
than, with dirty vanes. Two experiments were made, one 
with the large bell-mouthed inlet fixed in place as designed, 
and one with it removed. Corrected for speed, the result 
showed that 31 per cent more air was passed when the inlet 
was used, and the mechanical efficiency was 9 per cent 
higher. The pressure efficiency was 33 per cent, and the 
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volumetric 15 per cent higher. This proves the advantage 
of admitting the air without shock and in the right direction. 
In fig. 42a is given the variation of the pressures at the end 
of the pipe, taken with a Pitot tube connected with the dial 
water gauge, in an experiment on this fan. The pressure 
was taken in each of the eight equal areas. In this experi- 
ment, with two sheets of perforated zinc in the pipe, the 
mean of the eight readings gave a velocity of 1,888 ft. 
per minute (Table II.). The velocity obtained from the 
pressure at the centre of the pipe taken at the same time 
was 1,929 ft. per minute, and that taken from the mean of 
the pressures at points two-thirds of the radius from the 
centre was 1,896 ft. per minute. 

Fan No. II. had twelve short curved vanes cast in one 
piece, revolving concave to the outlet, but some experiments 
were made with the vanes running in the opposite direction 
to ascertain the effect on the pressures and quantities of air. 
The outer cast-iron casing was of volute form gradually 
increasing in area towards the outlet. It was provided with 
two central air inlets. Two experiments were made with 
the vanes reversed and revolving convex to the outlet. The 
increase in the quantity of air delivered due to the vanes 
revolving concave to the outlet was found to be 11 per cent. 
The mechanical efficiency was 5 per cent less in the latter 
case, but in the pressure efficiency a gain of 5| per cent and 
in volumetric efficiency a gain of 2| per cent were effected. 

Fan No. III. was the simplest tested, and had only six 
short, straight radial wr ought-iron vanes with two inlets for 
air ; the cast-iron casing was eccentric to the shaft, so that 
the cross-sectional area gradually increased towards the 
outlet. The fan worked quietly and the three efficiencies 
occupied a relatively good position. 

Fan No. IV. was of a special duplex type, the air passing 
from an outer to an inner casing, and from thence to the 
outlet The vanes were mounted on a centre plate of 
wrought iron, so that one-half of them were in the outer 
and the other half in the inner casing. There were eight 
large and eight small vanes on each side of the centre plate 
revolving concave to the outlet. The bearings were three 
in number, 1^ in. diameter and 5 in. long, of white metal. 
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Fan No. V. was made with twenty-four short-curved 
wrought-iron vanes, intended to revolve with the concave 
side to the outlet It had two bell-mouthed inlets to direct 
the entering air. In addition there were cones mounted on 
the shaft with the same object. The outer casing was of 
cast iron of volute form, the area increasing gradually to the 
outlet. The two bearings, arranged to allow for any deflec- 
tion of the shaft, were lyV in. iii diameter by 4| in. long, 
and were placed well away from the inlets. It will be seen 
that the three efficiencies in the best experiment are all 
relatively high. One experiment was made with the two 
external bell-mouthed inlets removed, the directions of the 
vanes remaining the same to test their efi*ect. The gain 
was 3 J per cent in the quantity of air delivered— due to these 
inlets — and gains of 4 J per cent in mechanical efficiency and 
5f per cent in pressure efficiency. 

Fan No. VI. had six vanes, but their curvature was not 
continuous, but at about the middle they were set back and 
then continued to the full radius They were intended by 
the maker to revolve convex to the outlet. There were two 
inlets and two cast-iron bearings, 1^ in. diameter by 8 in. 
long. This fan worked with a humming noise. In the 
eleven experiments the three efficiencies were not high, and 
were lower than in many of the other fans. An experiment 
made with the vanes revolving concave to the outlet gave a 
gain in discharge of 25 per cent. The mechanical efficiency 
was about the same, and the pressure efficiency 19 per cent 
higher. 

Fan No. VII. is a type that has been used in this country 
for many years. It has six wrought-iron vanes revolving 
convex to the outlet. The vanes are considerably curved, 
and longer than in the other types. There are two air inlets, 
but the bearings are placed very near them, an arrangement 
which prevents the free entrance of the air. The spindle, 
If in. in diameter, revolved, in bearings 7 in. long, centrally 
with the inlets and the cast-iron outer casing. The air 
passage, between the ends of the revolving vanes and the 
casing, was not increased in area towards the outlet, as in 
the other fans. 
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Fan No. VIII. was somewhat similar to the last men- 
tioned, and had six wrought-iron vanes of considerable 
curvature intended to run convex to the outlet. There were 
two inlets for air, and the centre of the shaft was placed 
centrally with these, but slightly eccentric to the outer 
casing. The spindle was supported in two cast-iron bearings, 
1 J in. diameter and 7 in. long, which were close to the inlets. 
The efficiencies were somewhat low. Other experiments were 
made with vanes running concave to the outlet, to ascertain 
the effect on the quantity of air delivered, power, etc. The 
mechanical efficiency was 11 per cent less, the pressure 
efficiency 7 per cent more, and the volumetric efficiency 
about the same. Other experiments proved that the static 
head inside the casinpj increased gradually round the circum- 
ference from 4 J in. of water just above the outlet to 5f in. 
near the outlet (so that the vohite was imperfectly designed). 

Fan No. IX. is of a type used in considerable numbers on 
the Continent. Four vanes, an unusually small number, of 
thin cast iron are provided, and are intended to revolve 
concave to the outlet. There are two inlets for the air, 
placed centrally to the shaft and also to the outer casing, 
which was of cast iron. The two bearings, with white metal 
linings, were 1 in. in diameter by 5 in. long. These were 
situated close to the inlets. The fan was always noisy, 
especially at small orifices. 

Fan No. X. was designed specially to give a great air 
pressure, and not with a view of delivering a large quantity. 
There were in all eighteen vanes, six of which were whole 
vanes, with twelve half vanes interposed. They were all cast 
in one piece and straight, but not set radially to the centre. 
There were two inlets centrally with the shaft, coned to 
guide the entering air. The boss of the revolving part was 
also curved to assist the entrance of the air. The outer 
casing was of cast iron, centrally with the shaft and of 
rectangular section, gradually increasing in area to the outlet 
The bearings were ly^ in. diameter and 6 in. long, placed 
well away from the air inlets. Thirteen experiments weie 
made with a different number of baffles. It will be seen that 
this fan gave fairly good results compared with others, but 
it must be remembered that it was designed for pressure. 
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One experiment was made with the vanes running in a 
contrary direction to that shown in the figure. The results 
corrected for speed showed that the quantity of air delivered 
was 31 per cent more, the mechanical efficiency 4 per cent 
less, the pressure efficiency 1^ per cent less, and the volu- 
metric efficiency 3 per cent higher. (This last is difficult to 
understand, for if the discharge was 31 per cent greater, the 
volumetric efficiency, which varies as the discharge and 
inversely as the speed for a given fan at a -given orifice, 
should also be 31 per cent more.) The fan worked quietly. 
An attempt was made to obtain the pressure and velocity of 
the air inside the casing, between it and the revolving blades, 
when running at 1,758 revolutions per minute, and with 
three sheets of perforated zinc superposed in the pipe. A 
Pitot tube was held against the current close to the edge of 
the revolving blades, and also as near the inside of the 
casing as possible. The pressure v/as found to be higher 
when close to the vanes. At D, No. X., fig. 41, the dynamic 
pressure when the tube was held close up to the vanes was 
11^ in. of water, corresponding with a velocity of 13,080 ft. 
per minute, and with the tube as near the outer casing as 
possible the pressure was 9^1 in. of water, or 12,500 ft. per 
minute. At E, the opposite point on the circumference, the 
dynamic pressure when the tube was held close to the vanes 
was ll|in. head of water, or 13,690 ft. per minute, and 
with the tube as near the outer casing as possible 11 J in., or 
13,480 ft. per minute. Thus it will be seen that the velocity 
of the air increased round the inside of the casing with the 
direction of rotation for the same speed of fan. (If we can 
judge from the figure, the increase of section round the 
casing was not proportional to the angle, so that the ratio of 
the section to the quantity of air passing through it gradually 
decreased towards the outlet, and this would account for the 
increase of velocity mentioned. The less velocity near the 
outside of the casing was probably due to skin friction.) 
The static pressure at A in the experimental apparatus, fig. 
42, at the same time was 9 J in. of water, and the quantity of 
air delivered was 1,291 cubic feet per minute. 

Fan No. XT. was made with blades fixed on one side only 
of a disc, having ten cast-iron slightly-curved thick vanea 
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revolviDg concave to the outlet. It had only one special 
inlet, which constituted its peculiarity. The air was allowed 
to enter, not parallel with the fan shaft, as in all the other 
fans tested, but at right angles to it. In this way a rotary 
motion was given to the air before it came in contact with 
the revolving vanes. The object of this arrangement was to 
minimise friction. The experiments, however, show that it 
was of little use. The outer casing was of cast iron of 
volute form. There were two cast-iron bearings, 1 J in. 
diameter, about 8 in. long. Nine experiments were made 
with the usual baffles. It will be seen that the three effi- 
ciencies occupy a low position in the plotted results. 

Mr. Donkin draws the following practical conclusions from 
the above tests. It seems that few English and Continental 
manufacturers make experiments to ascertain the quantity 
of air delivered, the pressure, and the power absorbed 
Sufficient attention is not often given to the admission of 
air to the centre of the fan to reduce friction. The number 
and shape of the vanes and their direction of rotation seem 
often to have been guessed at, and not deduced from experi- 
ment Between 20 and 25 vanes give the best results. The 
shape of the blades, their number, and the space between 
them and the outer casing exercise a considerable influence 
on the various efficiencies. The final inclination or angle of 
the vanes at their circumference has more effect on the 
pressure of the air, and less on the mechanical and volu- 
metric efficiencies. The revolving portion of the fan should 
always be accurately balanced. Mr. Donkin recommends 
continuous lubrication at high speeds to reduce journal 
friction, and allowance should be made for the deflection of 
the spindle. The pulley should not be too small or narrow, 
to as to reduce the slip of the strap. The friction of the 
air inside the casing is often excessive, and care should be 
taken to allow its entrance and passage through the vanes 
and out of the fan with a minimum of skin friction. Changes 
of direction and shocks, which reduce the losses of head with 
the high velocities of air, should be avoided as much as 
possible. 
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List of Formuke Used in the Experiments. 

H=- (la) 

w 

where H = metres of air, h = pressure in millimetres of 
water, w = w^eight of 1 cubic metre of air in kilograms at 
the atmospheric pressure and temperature. 

V = 4 ^/I (2a) 

where V = velocity of air in metres per second at the end 
of the pipe Z, and h — pressure in millimetres of water. 

Theoretical H.P.*)_Qxt«'xH /„v 

in chevaux-vapeur J 75 • • \ ) 

where Q = quantity of air delivered in cubic metres per 
second. 

Mechanical ) _ theoretical H.P.* .. v 

efficiency J " H.P. requirecrto drive fan shaft ' ^ ^^ 



Pressure efficiency = - o- • • • (^^) 



where g = 9*81 metres per second, and Ci = peripheral speed. 

Volumetric efficiency = - - . . . (6a) 

where Vi = external radius in metres. 

Orifice in square metres = - Jl_ . . (7a) 

Equivalent orifice (in square metres) = /o^u ' ^^^^ 

= Orifice x 1-088. 

Appended to this table was a short account of the experi- 
ments made by the Prussian Mining Commission in 1884 on 
the measurement of air in a pipe by different methods, from 
a large air-holder at the Breslaa gasworks. 

* The writer does not make it clear whether or do the H.P. required to drive 
the fan shait is also in chevaux-vapeur. One cheval-vapeur = '986 English H.P. 
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CHAPTER IX, 

21. Summary of the Report of the Prussian, Mining 
Commission of I884. — A spare gas-holder was used for 
measuring* the volume of the air. It was 85*3 ft. in diameter, 
contained 70,634 cubic feet, and served to check the other 
methods adopted by the commission. The tests were pro- 
bably the best that have been published on the measurement 
of air by the following methods: (1) by anemometers; 
(2) by Pi tot tubes ; (3) through circular and square orifices. 
The practical questions the commission endeavoured to 
solve by using this holder and causing the air to pass 
through a pipe were the following : — 

1. Do the formulae generally used for standardising 
anemometers in a circular path in still air give correct 
results. or not? 

2. Can the instrument known as the Pitot tube be applied 
practically for measuring the speeds of air ; and, if so, what 
formula Should be used for calculating the speed and quantity 
of air 'i 

3. May the fall in pressure between one side and the 
other of a thin orifice interposed in a pipe be used for cal- 
<5ulating the quantity of air ; and, if so, what formula should 
be applied ? 

4. What is the loss of head due to friction in regard to 
length and diameter of pipe used 1 

About eighty careful experiments were made, and the 
results and calculations appear to have been well checked. 
The cast-iron pipe was 14-3 in. in diameter and 33 ft. long. 
For stopping and starting the anemometers quickly and 
accurately an electrical arrangement was adopted. The 
vertical fall of the air-holder in several places was carefully 
■determined electrically. The first series of experiments in 
1884 were made with the air- holder at a water pressure of 
2|in., but in the 1885 tests the holder was loaded and the 
pressure was increased to 4^ in. of water. The density and 
temperature of the air were noted, and the experiments were 
made during the autumn to avoid the heating effect of the 
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sun upon the wrought-iron holder. V gauges were fixed 
at diflFerent parts of the pipe. A Pitot tube was used for 
measuring the dynamic pressures of air, not only at the centre 
and at two-thirds of the radius distant from it, but also 
round the inner circumference of the pipe. The circular 
orifices used in these experiments measured 7 '03 in. and 
9 '9 6 in. in diameter. The square orifice measurqd 6*26 in. 
along the side. The rectangular orifice was 9*17 in. by 
4*45 in. The experimental coefficient determined for the 
circular orifice was '64, and for the square and rectangular 
orifices '61, Four Casella anemometers and one Robinson 
aiemometer srero tested. The Casella anemometers, pre- 
viously tested in the usual way at the end of a radius bar 
and compared with direct measurement of air from the 
holder, showed variable errors, the excess ranging between 
7 and 13 per cent. (In our opinion this is only a part of 
the error which is obtained by the use of the anemometer, 
due probably to the fact that the instrument when tested 
sets a mass of air in rotary motion, and therefore does not 
pass through so much air in its circular passage as it should 
do, and fewer revolutions apparently correspond to more 
than the quantity of air corresponding to the distance 
through which it has moved. Hence, when used to test a 
uniform flow, such as that from the gas-holder, an exaggera-' 
tion was observed. But when used to test the extremely 
irregular flow of air from a fan, a still greater exaggeration 
is produced, we believe, and this error probably amounts to 
about 30 per cent.) Anemometer readings should therefore 
be accepted with caution. In the 14*3 in. cast-iron pipe a 
considerable diiFerence in speed was found at different parts 
and in the same vertical piano. The centre gave the^ 
maximum speed and pressure and the inner circumference 
the minimum ; the mean speed of the air was found to be 
at two-thirds of the radius from the centre of the pipe. 
With regard to the resistance to the movement of the air in 
the pipe used, the following are the conclusions deduced 
from these experiments and given in the report : (1) that 
the resistance of the air increases as the square of its speed' 
in the pipe ; (2) the resistance to the air in the pip& 
decreases as the diameter of the pipe to the power y ; (3) 
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the resistance of air in the pipe increases as the density of 
the air to the power f . These conclusions apply to cast-iron 
pipes only. 

To obtain the quantity of air by means of a Pitot tube the 
following formula is given : — 

Velocity of air in metres per second 

— 4.-9fi*> / pressure in millimetres of water 
J density of air 

when the temperature of the air is zero Centigrade. If it is 
altered for the warmer temperatures of air it becomes very 
nearly the same as 

V = 4N//r (2a) 

the formula used by Mr. Bryan Donkin. 

22. Summary of the Report of the Belgian Commission 
on Mine Fans.* — The object of this commission was not 
scientific, but practical. They decided to examine a limited 
number of fans from the following points of view : (1) 
•Quantity discharged ; (2) mechanical efficiency ; (3) safety 
of w^orking; (4) cost of construction and erection; (5) 
accessory advantages and disadvantages. The great number 
•of types of fans compelled them to limit their experiments 
to the following : The Guibal, Ser, Capell, and Rateau, and 
four of each type were chosen, but unfortunately the 
•equivalent orifices of the fans were not varied, the orifices 
being those of the mines themselves. The revolutions per 
minute were the normal speed, ten turns above that and ten 
turns below, so that three experiments were made on each 
fan, when revolutions of fan and engine, water gauge, 
discharge, horse power, and in certain cases temperature 
and barometric pressure, were measured. The manometric 
tube was either in the fan drift or close to the eye of the 
fan, and was either at right angles to the direction of the 
current, or turned to face it. The fan drift was usually 
divided at some point into a number of rectangles, and the 
auemoipeter was held in each of these by a man in such a 
position that he did not obstruct the flow of the air. 

* Lea Ventilateurs de Mines, Revue Universelle des Mines, vol. xx.. 1892. 
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The firat type of fan tested waa the Guibal, which, although 
the earliest used, may bs found ventilating many minea at 
the present day, both in this country and abroad. Its 
wheel is generally of considerable diameter, carrying a 
number of vanes, and enveloped over most of the circum- 
ference, allowing the air to escape by a single opening, 
regulated by a abutter to suit the orifice of the mine. The 
air enters the eye, and by ita centrifugal action it reachaa 
the circumference and paaaea out at the chimney. The 
vanes of Guibals are sometimes plane, and inclined in the 
opposite direction to that of rotation, but are usually curved 



near the outer extremity until they become radial. The 
number of vanea lies between six and ten for sizes varyiu^ 
between 19 ft. and 40 ft The breadth of wheel for these 
diameters lies between 4 J ft and 10 ft The chimney 
expands from the wheel to the mouth in order to reduce the 
velocity and increase the pressure of the air, Tiga. 46, 47, 
48, 49 ahow two examples of Guibals, the first of which is 
39^ ft in diameter, and the latter 19. The breadth of 
wheel of the first is 8Jft., and of the latter 6-4 ft The Ser 
fan, figs. 50, 51, was designed in 1878 by Professor Ser, of 
the Ecole Centrale of Paris. The theory of this fan ia 
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published in the "Memoires de la Society des Ingenieurs 
Civils for 1878." It consists of a circular plate fixed to the 
shaft and carrying on each side 32 curved vanes, each of 
which forms part of a cylindrical surface whose generatrices 
are parallel to the shaft, and whose transverse section is 
circular. Their width is constant, and it is arranged that 
inflow shall take place without shock. The relative direction 
of outflow is at an angle of 45 deg. with the radius. Inflow 
takes place at both sides, and the fan is provided with a 
volute and expanding chimney. The volute is so designed 




Fig. 51. 



that the loss of energy at entrance from the circumference 
of the fan is a minimum, and the sides of the chimney are 
inclined at not more than 1 in 8 to avoid the loss due to 
sudden enlargement of passage. This type ot fan is made 
from 4-6 ft. to 8*2 ft. The Capell fan, figs. 52, 53, is formed 
of two fans, one outside the other. The first consists of a 
drum of steel plate, closed on one side if there is a single 
eye. Its diameter is that of the eye. The cylindrical 
surface contains six openings, usually rectangular, spaced 
equally round the circumference, having an area less than 
the cylindrical surface of the drum, but not less than that 



Z BELQIAN COUUISSION, 



of the aje. Six vanes of steel plates of cylindncal shape 
oonrex to the direction of outflow end at one of the sides 
of the openings m the drum, and within it The second 




3)art of the wheel la lai^r than the first and is completely 
closed at the sides by two angular discs of steel plates ; 
this part has sis vanes curved backwards, and the casing is 



formed of a volute and a chimney of considerable taper. They 
■are conBtmcted up to 20 ft. for mine ventilation. The 
Rateau ventilator has akeady been described. 
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TABLE IX. — Dimensions, Cost, 



No. of fan 

Type of fan 

Date of installation 

Period of serrice to Jan. 1, '92 

Total cost of plant in pounds. 
Cost of fan alone in pounds. . 
Diameter of wheel in feet . . . . 
Breadth of wheel in feet .... 
Diameter of eye 



Height ci chimney above 
centre of shaft 



Length of mouth of chimney. 

Breadth of mouth of chimney. 

Diameter of shaft in inches. . 

Length of shaft between 
beudngs in feet 



Pulley diameter in feet 

Weight of moTing parts in lbs. 
Number of steam cylinders . . 



Diameter of piston in ins. . . 

Stroke in inches 

Diameter of driying pulley in 
feet 

Distance between abaft cen- 
tres in feet 

Dimensions of engine houap 
in feet 



1 
Guibal 
Jan. 77 
15yrs. 

1,240 
310 

39-8 
8-2 

18-1 

35'7 

8-8 

8-2 
12-5 

14-5 

None 

44,000 

1 

26-7 

33-4 

None 

None 



2 

Guibal 

Aug. '82 

9yr8. 
4mths. 

1,200 
256 

89*3 
8-2 

18-1 

32 
11-2 

8-6 
10*2 

12-5 
None 
39,600 
1 

24*4 
39-4 
None 
None 



42-6 I .. 

X 

13-1 



3 


4 


1 


Guibal 


Guibal 


Ser. 


Sep. '86 


ApL'91 


June '84 


5 yrs. 
4mths. 


9mths. 


7 yrs. 
6mths. 


1,236 


1,120 


1,280 


270 


180 


480 


29-6 


19 


6-66 


6*89 


6-39 


1-18 


9-82 


6-88 
2 eyes 


3*84 


22-9 


34-4 


29-5 


7-7 


10-65 


:-87 


69 


6-66 


7-71 


11-0 


11-4 
and 6*3 


6*7 


128 


16-5 


9-7 


8-2 


None. 


3-28 


20,660 


14,050 


1,192 


1 


1 


1 


24-4 


16-6 


19*6 


38-4 


29*5 


27*5 


131 


None. 


17*8 


26-2 


None. 


24*6 


65-7 

X 
16-4 


10-6 

X 
82-8 


26*2 

X 

28 



2 

Ser. 
July '87 

4yra. 

5mthfl. 

820 
300 

5-25 
•917 

3*11 

19-65 
5*25 

6*25 
5-1 

6*46 
2*13 



18*8 



29*5 



10*5 



28 



26-2 
X 
28 
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AND Period op Service op Fans. 



3 

Ser. 

June *88 

Syra. 
6 mths. 

720 

240 

4-59 
•786 

2-79 

«-6 
5-15 

5-15 
4-32 

^•S5 
1-64 



11-8 
25-6 
8-85 
19 



26 '2 

X 

19-d 



4 

Ser. 

Jan. '91 

1 yr. 

1,400 
414 
8-2 
1-47 
4-91 

86-9 

7^87 

7-71 
7^46 

9^25 

8^93 

1,480 

? 
tandem 



16-1 
and 19^7 

31 5 



IS^l 



19^7 



26 •£ 

X 
19 6 



1 

Oapell 

Mar. '89 

2yrs, 
10 mths. 

1,440 

860 

12-3 

6-56 

6*87 2 eyes 

12*45 
10*5 

8^2 
10^4 & 7-86 

21-5 

3-6 

26,400 

2 craaks 

at right 

aDgk)s 

20^6 
31-5 
14-4 
32-8 



28 

X 

29-5 



2 

Capell 

July '89 

2yr8. 
6 mths. 

700 

210 

8^2 

5-9 

4-59 
1 eye 

7-2 

9^2 

7-87 
7-86 

18 
2-46 
15,400 
1 

15^7 

23-6 

9^8 

29-5 



86^1 

X 

12*1 



3 
Capell 
July '91 
6 mths. 

1,880 

300 
11-8 

5^25 

7-2 
2 eyes 

14-25 

11^9 

72 

7-86 
and 7*06 

18 

2^96 

22,000 

1 

17-7 
29-5 
18^1 
24-6 



26^2 

X 

22-9 



1 


2 


Rateau 


Rateau 


Oct. '90 


Mar.' 91 


15 mths. 


10 mths. 


1,000 


1,000 


420 


380 


6-56 


6-56 


•525 


•525 


3-9 


•9 



Blowing 
fan. 



4-3 

49 
3-28 
3,520 
1 

12-8 

19-6 

5-9 

16-4 



26-2 

X 

18^1 



13^1 
10-65 

10-65 
4-3 

4-9 
3-28 
3,520 
1 

14-9 

23-6 

7-3 

23 



32-8 
X 

27-8 



8 
Rateau 
July' 91 
6 mths. 

1,200 

480 

9-17 

•754 
6-6 

18-3 
8-45 

7-18 
6-7 

4-5 
4-9 
8,460 
1 

29-5 
47-2 
20-3 
41-8 



39 3 
X 

19-6 



4 
Rateau 
Aug. '91 
5 mths. 

1,200 
5S0 

9*17 
-745 
5-5 

24*2 
19-65 

19-65 
5-3 

6*5 

4-9 

* 8,460 

1 

14-9 

23*6 

7-2 

16-4 



27-8 

X 
13-1 
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In the experiments the following formulse were used : — 
Useful work in the chevaux-vapeur,* t = -^ . . (16) 

where Q is the number of cubic metres per second and h the 
water gauge in millimetres of water. 

Q 

Equivalent orifice o in square metres = '38 -7== . (26) 

Mechanical efl&ciency = — (36) 

where T is the indicated horse power. 

Manometric efficiency = ^j— , 

WW 

where u = the peripheral speed, and w the weight of a cubic 
metre of air, which is assumed as 1'2. Of course, g = 9*81. 

In Tables V., VI., VIL, VIIL will be found the results of 
the trials translated into English units. 

Table IX. gives the principal dimensions of these ventila- 
tors, their cost and period of service. We have added 
volumetric efficiencies in Tables V. to VIII. The quantities 
of air are throughout far too great, as acknowledged by the 
experimenters on page 30 of the paper, but relatively to one 
another are of value. We believe th^ exaggeration amounts 
to aljout 30 per cent. 



CHAPTER X. 

22. Experiments with Rateau Fans, — The only experi- 
ments that we know of, made with a variable number of 
vanes, are those by M. Rateau, described in his work " Con- 
siderations sur les Turbo-Machines," in which a small fan 
•82 ft. in diameter was tested for water gauge with 18, 24, 
and 30 vanes. The number of vanes that gave the best 
result was 18, but the difference was trifling. The highest 
water gauges were 53*4, 53, and 50*8 millimetres, and the 

* Equal to '986 of 1 horse power. 
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lowest 46*5, 48*9, and 44; but unfortunately no tests were 
made of mechanical efficiency at the same time. It is 
extremely probable that a fewer number of vanes would give 
a better mechanical efficiency, although the water gauge 
would probably fall. The experiments in Table X. were 
made with a Kateau fan having a diffuser, but no volute. 
Inflow took place from one side, and the wheel diameter was 

TABLE X. — Test of a Bateau Fan with Diffusbr only. 

Diameter, 4*59 ft. 



No. of 
experiment. 


Revolutions 

per 

minute. 


Cubic feet 
4^ of air per 
second. 


Work done 
on air in 

H.P. 
(French). 


Work done 
by engine 
inH.P. 
(Freuch). . 


Mechanical 
efficiency 
per cent» 




Manometric 
efficiency 
per cent. 


.^ 00 

In. 


1 


405 


817 


9-5 


19 


•50 


•71 


•75 


3^15 


2 


405 


454 


13-9 


25-3 


•55 


1-02 


•76 


3-19 


S 


405 


549 


16-0 


26-6 


•60 


1-26 


•72 


3-ia 


4 


• 510 


690 


31-3 


45 


•70 


1-27 


•69 


4^72 


5 


411 


6 a 


18-2 


87 


•49 


1-49 


•64 


2-95 


6 


518 


802 


35 


65-8 


•63 


1-50 


•63 


4-52 


7 


414 


682 


17-1 


42-4 


•40 


1-70 


•57 


2-6 


8 


481 


791 


27-0 


61-9 


•44 


1^68 


•57 


3^54 


9 


405 


752 


15-6 


48-2 


•36 


2-03 


•43 


2^16 


10 


458 


850 


23-1 


65 


•36 


2-02 


•49 


2^84 


11 


402 


827 


14-1 


43-6 


•32 


il^oO 


•43 


1-77 


12 


425 


872 


16-8 


51-9 


•82 


2-47 


•43 


2-01 



4*59 ft. (fig. 54). The results obtained with it were, how- 
ever, inferior to those with fans having difFuser and volute, 
and it was replaced by a better. The trials were very care- 
fully made, as we see that, although 3 and 4, 5 and 6, 7 and 
8, 9 and 10, 11 and 12 were made at different revolutionp, 
but each pair with the same baffle, the reduced orifices, 
or 3 and 4, are very nearly the same, as also their mano- 
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metric efficiencies ; and the same may be said of each of the 
other pairs. The mechanical, which is the indicated, effi- 
ciency increases with the revolutions and power in the three 
tirst pairs, and is apparently the same in the last two. The 
increase is just what we might expect, as the efficiency of 
the fan alone is constant, and that of the engine increases 




.\\VVm\\<5^>^ 



Fio. 64. 

with the power, so that at a constant orifice the efficiency of 
the two should increase with the power. 

Table XL* shows the results of a series of experiments 
mi.de with a Rateau fan of 4*59 ft. diameter, of type A, 
Table I., tested October 18th, 1891. Each experiment took 
three minutes. The water gauge was taken in an outlet 

* Tarbo-Machinra, p. 166. 
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from the fan drift sheltered from the current. The discharge 
was measured at the top of the chimney, which was divided 
into 36 equal areas, by two assistants. Tests were also made 
to find the density of the air, so that H might be found 
from h. It will be seen in the table that the water gauge 
has been '^corrected." This means that the gauge due to 
the velocity of discharge has been added, and that due to the 

TABLE XL— Test op a Katbau Fan (Type A, Table L) 

OP 4*59 FT. Diameter. 



1 

d 


Revolutions 

per minute 

of fan. 


Cubic feet 
P of air per 
minute. 


Corrected 
>. water 
gauge 
in inches. 


Equivalent 
pd head of 
'. air in feet. 


Equivalent 

orifice. 
Squai-e feet. 


Reduced 
orifice. 

Q 


Mfanometric 
efficiency 
per cent. 




Tj^Vg k. 




1 


274 


546 


•99 


71-4 


12-69 


2-19 


53 


2 


859 


614 


2-05 


146-8 


9-99 


1-70 


04 


8 


880 


685 


2-88 


170-5 


9-45 


1-63 


67 


4 


885 


592 


2-82 


201-5 


8-16 


1-41 


1 i 


5 


872 


519 


3-11 


222 7 


6-76 


1-17 


91 


6 


263 


824 


1-66 


118-7 


5-80 


1-00 


96 


iia 


893 


480 


8-72 


265-5 


5-69 


•99 


98 


7 


426 


418 


4*49 


321 


4-83 


-8i 


100 


8 


488 


858 


4-62 


331 


3-76 


•65 


97 


9 


444 


254 


4-31 


310 


2-79 


-48 


88 


10 


444 


141 


8-86 


277 

1 


1-61 


•28 


78 


11 


840 


42 

t 


1-93 


138-5 


•65 


•11 


67 



velocity of inflow subtracted ; while the latter was correct, 
the former was wrong, because the velocity of discharge, 
being of no value to anybody, ought not to be reckoned to 
the credit of the machine. If it were the custom to do so, 
of what use would a chimney be 1 

Table XXL* contains the results of 10 experiments with a 
Bateau fan of 6 '56 ft. diameter at Villars. It is the same as 



* Turbo-Machines, r« 170. 
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that tested by the Belgian Commission, and is No. 2, Table 
VIII. The tests were made in 1891, and show how greatly 
exaggerated were those in Table VIII.; we believe, however, 
that even these tests are slightly exaggerated. The discharge 
was measured in the same manner as in Table XI. by 
Casartelli anemometers, and the diagrams were taken with 
Crosby indicators, which could be trusted to give accurate 
results to 160 revolutions per minute. In tests 1 to 9 the 
fan was made to draw air from the mine and the atmosphere, 
and the orifice was altered by the resistance of a steel baffle 
plate placed at some distance from the fan. The last test 
was made on the mine in its natural condition, and as its 
results agree very closely with those obtained in the previous 
experiments, it was evident that the baffle plate was suffi- 
ciently far from the fan. The water gauge was taken in the 
fan drift by a Pitot tube, so that the effect of velocity in the 
fan drift was neutralised ; but here again we find the value 
of h corrected, probably to take into account the energy 
rejected from the chimney, which was, of course, incorrect. 
We have, however, given these values. 

Table XIII.* gives eight experiments with a Rateau fan of 
diameter 9*17 ft, on October 19th, 1891. The baffle plate was 
about 65 J ft. from the fan in the fan drift. The revolutions 
of the fan were taken by a counter, and those of the engine 
were calculated by dividing by 1*6. Experiments showed 
that there was extremely little slip, if any. The two follow- 
ing will suffice : — 

Revolutions of fan 619 707 

Revolutions of engine 387 440 

Ratio 1-5995 1-5909 

The water gauge was taken in the fan drift, and the end was 
not turned towards the current of air, so that a correction 
was necessary; but unfortunately, in this case also, we find 
the head due to the velocity of discharge added, which is 
incorrect, while that due to the velocity of inflow is sub- 
tracted, which is correct. The object of a chimney is to 
convert useless kinetic energy into useful pressure. The 



t Turbo-Machines, p. 171. 
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section of the chimney was 74 6 square feet at the top, and 
the velocity of discharge at the maximum efficiency was only 
20*1 ft. per second, corresponding to head m air of 6*3 ft., 
and as 'the total head was 361 ft., the difference is very 
trifling. The mechanical efficiency of 79 per cent is probably 
too high, and Professor Eateau suggests that it is due to the 
indicator; our own opinion is that it is due to the exaggera- 
tion of the discharge, and possibly of the water gauge. The 
manometric efficiency reaches the value of 112 per cent, and 
this suggests that the water gauge is ex<)ggerated ; this 
exaggeration is probably due to the nearness of the baffle 
plate. It will be noticed that the equivalent orifice is always 
greater than the opening in the baffle plate in the ratio of 
about 1*2 to 1. This is partly due to the passages behind 
the orifice, but also to the fact that the coefficient of con- 
traction may be greater than '65. It probably increases 
with the size of the orifice. 

Table XIY. gives experiments on a fan of the same size at 
Montrambert, made ou December 6th, 1891. The engine 
had a cylinder 14*95 in. diameter, and a stroke of 23-6. All 
the horse powers given with fans of this type are chevaux- 
vapeur, and consequently '985 of 1 English horse power. 

Table XV. contains experiments ou a Rateau fan, 13 ft. 
1^ in. diameter, at the Consolidation Mines, Westphalia. 
The fan was guaranteed to give 175,000 cubic feet of air per 
minute, with a water gauge of 6 in. and an equivalent orifice 
of 28 square feet, which corresponds to a reduced orifice of 
0'6 very nearly — i,e,^ 

—^-=•6 

In making this calculation we must remember that the 
equivalent orifice is 1*088 the orifice Q -f- J g H, 

23. Experiments with a Centrifugal Fumjy at the WalUend 
Slipway,* — These experiments were made by the author on 
March 13th, 1897, and January 15th, 1898. Two pumps 
are provided to empty the company's dry dock, but one 
only was used in the experiments. The diameters of 

*From "The Theory of the Centrifugal Pump and Fan," by the Author, 
N.E.C. iQBtitution of Engineers and Shipbuilder*, vol. xiv. 
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suction and discharge are 36 in., that of the wheel 66 in., 
while its internal breadth at outflow is 5f in. ; the internal 
diameter is 39 in., and the vanes are radial at the inner 
circumference, and curve back in the arc of a circle until 
they become tangents to the outer circumference, lu 
both experiments special care was taken in closing the gates 
to minimise leakage, which was not measured in the first 
experiment, but owing to some doubts expressed as to their 
accuracy careful measurements were made at the end of the 

« 

TABLE XV. — Experiments on a Rateau Fan, 13^ ft. 
Diameter, at the Consolidation Mines, Westphalia. 
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1S8600 


3-3 


68- 


106-3 


64- 


85-5 


29-4 


•682 
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163200 
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•687 
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227- 
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216400 
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401-8 
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27-4 


•636 



second. There was not the least necessity to do so, as the 
quantity even at the greatest head was quite negligible. The 
suction pipe is 15 ft. 6 in. long and 36 in. diameter, and the 
discharge pipe enlarges with a bend to 54 in. diameter at the 
junction with the discharge pipe of the second pump. The 
remainder of the discharge pipe is 95 ft. in all, 54 in. 
diameter, with a right-angle bend. We do not, think that 
the introduction of these experiments needs any apology, as, 
except for the fact that in a centrifugal pump <^ should not 
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be greater than 90 deg.,* the rules for designing pumps and 
fans are precisely the same, and deductions from experiments 
wdth the former apply to the latter. The weight of water 
was assumed as 62 J lb. per cubic feet in the first experi- 
ment and 64 in the second. In the former the effect of the 
tide on the density of the water was forgotten, and in the 
latter a sample of the water in the dock whose density it was 
intended to test did not reach the Rutherford College owing 
to an accident, and the author desired to make every allow- 
ance for the pump whose efficiency was low ; but it must be 
remembered that the efficiency takes into account the friction 
of the pipes, so that that of the pump alone is greater. The 
losses of head in passing through the pump are — 

(1) At inflow, 

(c.2 — n.2 cot Of _ C.2 

since ^ = 90 deir. 



'O' 



(2) At entrance into the volute, 

(3) Due to surface friction, 

F 
and the value of ~ in the first experiment that gives the 

best agreement between theory and practice is '07, and in the 
second is not much different to this. There was probably a 
little air in the pipe when the first experiment was made, but 
none in the second, as the steam ejector, which was not used 
in the first case, was employed, and a glass tube was fitted in 
the discharge pipe with a cock at its lower end, and this was 
kept open until shortly before the outer water level fell 
below the top of the discharge pipe. The pipe from suction 
to discharge formed a sort of siphon, and for the greater part 
of its length between pumps and discharge it was horizontal 

♦From "The Theory of the Centrifugal Pump and Fan," by the Author. 
N.E.G. Institution of Engineers and Shipbuilders, vol. xiv., p. 48. 
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Table XVI. — Trial of a Centrifugal Pump at 



X. Fall of water inside dock in feet . . 

2. Head outside dock 

8. Head inside dock at end of interval . . 

4. Boiler pressure , 

5. Interval in minutes 

6. Mean head 

7. I.H.P 

8. W.H.P 

9. F.H.P 

11. Hydraulic efficiency, per cent, V 

12. Calculated efficiency, per cent, Vc . . 

13. V -Vc 

14. Revolutions per minute 

15. Velocity of discharge from pump. . . . 

Q 



16. Orifice 



vTh 



square feet. 



17. Time 



18. Quantity discharged during interval 
incubicfeet 



19. 



ffB. 

Cx to^ 



* X 100 






1 


2 


3 


4 


Ft. In. 
19 8 


Ft. In. 
19 8 


Ft. In. 
19 8 


Ft. In. 
20 


Ft. In. 
20 


19 


18 


17 


16 


15 


120 


113 


107J 


105 


110 




7i 


7J 


7J 


^ 




IS 


2J 


3| 


^ 




220-7 


239-6 


233-25 


240 6 




12-12 


22-1 


34-1 


46-1 




9-14 


101 


1015 


10-4 




211-66 


229-5 


223 1 


230-2 




5-74 


9-62 


15-27 


20-4 




fr-15 


9-7 


1415 


17-9 




-•41 


-0-8 


•57 


2-5 




126*5 


136-5 


137-5 


140-3 




12-7 


12-7 


12-72 


12-75 




16-25 


10-8 


8-66 


7-6 


9 45 


9 m 


10 


10 7J 


10 15 


• • 


41,209 


40,428 


40,408 


40,883 


• • 


9-6 


10-9 


17^85 


21-7 



Ft. In. 

20 

14 
110 

7^ 

5i 

248 

53-9 

11-4 

236-6 

22-4 

21-1 

1-3 

144 

12-2 

6-5 

10 22^ 

38,784 

23-7 



6 

Ft. In. 
20 

13 

105 

8 

6i 

•247-2 

59 75 

11-4 

235-8 

25 3 

24-9 

0-4 

144 

114 

5*02 

10 30i 

88,761 

25-6 



* The angle of relative discharge from the fan is assumed to be at 26° 26' from a tangent 
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8 9 

Ft. Tn. Ft. In. Ffc. In. 
19 10 , 19 10 19 10 

12 I 11 , 10 

II 
, 105 j 105 

' 8J I 8 



81 

253 -S 
66-1 



8i 



Pi 



246-75 245*9 

I 72 ■ 76 



10 

Ft In. 
19 10 

9 

110 

H 

m 

259-1 



11 12 13 14 15 I 16 17 

Ft. In. I Ft. In.lFt. In. Ft In. Ft. In. Ft. In. Ft. In. 
19 10 19 9 I 19 6 I 19 8 19 2 19 2 ' 19 



18 



19 



I 



8 
110 

H 
114 

255 



7 


6 


5 


110 


110 


110 


n 


9| 


lOJ 


12-29 


isi 


18J 



4 
110 
104 
14} 



3 


2 


110 


110 


104 


104 


15 7 


16-58 



Ft. In. Ft In. 

19 ' 18 9 

I 

10 

110 I 110 

104 I 104 

17-5 18-375 



79-25 , 84-6 



255 261-5 255-8 2545 '272-7 271-25 |253-25 267-75 
89-4 : 95 91-1 96-75 99-25 1027 ,103-2 105-5 



12-08 , 11-63 I 12-3 



241-7 
27-4 
27-4 




235-12 233-6 



80-7 

30-1 

0-6 



82-5 

82-9 

0-4 



143-9 144-8 147-1 
11-1 10-75 ! 10-1 



4-8 



4-66 ! 4-16 



13-44 

245-6 

32-3 

34-2 

- 2 

151-1 

9-56 

8-73 



13-76 18-76 14-42 14-3 14-56 15-6 



16 



241-24 ,241-24 24708 241-5 239-94 257-1 255-25 '237'5 ,24175 



16 



16 



35-1 87-1 38-5 37-76 40-4 

36 6 88-5 I 39-3 ' 40*25 41-8 

I 

-1-5 , -1-4 -0-8 -2-6 -1-4 

152 I 152 154-5 154-1 

9-3 9-0 I 9-02 8-17 



38-55 40-1 43 6 48 5 

41-1 42-25 44-4 445 

I 
-2 55 -2 25 -0-4 - 1 

155 158-7 159-2 157-7 169 

8-15 7-9 ! 7-71 



3-43 I 3-2 3-11 2-74 2-65 2-481 



2-37 



7-35 7-2 
2-196 2-09 



I 



10 38| 10 47 I 10 55}; 11 5 I 11 14} 11 24^ 11 34 11 44} 11-55 12 5} 12 16 12 26} 12 37 



33,738, 87,625, 37,503| 37,480 37,280 37,255 37,234 86,341 36.218 35,095 34,278 



1:7 -7 80-6 81-5 



30-7 i 32-3 34-45 35-6 35-8 86*9 86-2 ' 37-8 



82,696 31,900 



40-0 39-7 



to the periphery of fan, this being the mean angle. The angle varies between 80* and 22° 53'. 
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TABLE XVII. — Trial of a Centrifugal Pump at 



1. Fall of water iuside dock ia feet . . 



2 



Ft. In. Ft. In. Ft. In. 
2. Head out.8ide dock 21 Oi 20 9 20 2 



8 



6 



3. Head inside dock at end of interval.. 19 18 



•••••« 



4. Boiler pressure 110 

5. Interyal in minutes and seconds 

6. Mean head in feet 

7. I.H.P. 

8. W.H.F.* ' .. 

9. F.H.P. 

10. B.H.P. 

11. Hydraulic efficiency, per cent, ''7 

12. Calculated efficiency, per cent, Vc . 
IS. V - Vc 

14. Uevolutions per minute 

15. Velocity of discharge from pump. . . 
Q 



110 
11-45 



17 



Ft In. Ft. In., Ft. In ,Ft. In. 

19 9 19 6 I 19 1 I 18 lu 



16 10 



110 ! 110 
11-45 ' 11-0 



2-895 2-957' 3-457 



15 

110 
10-30 



14 0' 13 



110 
9-80 



110 
9-15 



4125 4-791 5-457 



83 75 , 81-4 105-1 il23-6 , 144-86 150-5 
16 3 19-7 ! 24-66 i 307 , 87*9 ' 44-4 



t % • • • • • • 



•••••••■I 



706 I 708 I 7-5 8-26 i 876 9*1 



76 69 ! 74-32 I 97-5 115-84 ,185-69 'l41'4 



21-8 
22-6 



26-5 
26-1 



25-3 
26-4 



26-7 
27-3 



28-0 
27-9 



-1-2 +0 4 1+1-1 1-0-6 +0-1 



31-5 

29-55 

+1-95 



97-1 
8-25 
6-65 



98-8 
8-1 
6-85 



103-5 118-8 1120-4 124-8 



8-65 
5-82 



9-075! 9-63 I 9-9 



5-55 I 6-476 



5-26 



16. Orifice —= — in square feet. 

17. Time in hours and minutes 9 41^ 9 68^ 10 6 10 16 13 26^10 86 10 451 



18. Quantity discharged during interval 
in cable feet t 



41,209 40,428 40,408 > 40,888 ^ 88,784 38,761 



* In the above the weight of water 
t This does not include leakage, which at the end of the trial was found to be 30*6 
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THE Wallsend Slipway, January 15th, 1898. 



8 



9 



Ft. In. Ft In. Ft. In. 
18 4 18 1 17 8 



10 

Ft. In 

17 5 



11 

Ft. In. 

17 1 



12 

Ft. In. 
16 8 



13 



14 



15 



16 



17 



18 



Ft In. Ft. In. Pt. In., Ft. In. Ft. In. Ftln. 
16 S 15 11 15 6 15 5 15 2 14 11 



19 

Ft, In. 
14 9 



12 0| 11 10 090 80 70 60 50 4030 20 10 



110 
915 
6-088 
176-0 
49*9 
9 4 



I 



110 110 
9-0 9-0 
6-707 7 •876 
188-0 188-25 
54-1 59-6 i 
9 72 10-0 



166-6 178-28 178-25 



300 

SO -6 

-0-6 



30-3 33-5 

82-0 38*2 

-1-7 +0-3 



128-0 132-6 135-7 



9-86 9-83 9-83 
4-99 4-72 4-50 
10 bil 11 3( 11 12i 



110 
9-0 
8-041 
•217-0 
65-0 
10 4 
206-6 
31 5 
83-6 
-21 
140 1 
9-83 
4-32 
LI 2U 



110 
8-30 
8-75 
254 9 
74-25 
11-74 
243 16 
30-5 
29-9 
+ 0-6 
145-5 
10-35 
4-36 
11 30 



I 
110 

I 8-80 

I 

1 9-376 

•262 -6 
79-6 
13-13 
i49-47 
319 
33-9 

i-20 

150-2 
10-35 

I 421 



110 
815 



110 
8 45 



110 



I 



110 110 t 110 110 

I j 

8-40 I 8-20 i 80 7-40 | 720 
9-9575, 10-582 11-375 11 9675| 12*792 13-646 14-33 
•270*3 276-0 277*3 274*1 i-288-0 289-2 285*0 
87 25 85-25 92*4 980 105-5 117*5 120*5 



13-76 14-0 14-92 15-1 15*35 
i56 54 262 262*38 -259-0 ,272-65 



34-0 

34*8 

-0-8 



82-6 
35 6 



35-1 
37-3 



37*9 
88-5 



88*8 
39*4 



15*6 ; 16*0 

273*6 r2690 

45*0 I 44-8 

41*1 42*0 



-3-0 -2-2 -0*0 -06 +1-9 i+2-8 



152 164*0 156-3 ,157*8 158^1 158 4 159-3 
10-65 9-8 ' 9*85 9*95 lO'l ' 101 ' 10*26 



4*2 



3-77 



8-64 



3*57 3-52 , 3-4 



3*88 



11 38j 11 461 11 55^1 12 4 i 12 12^ 12 20^ 12 28 J 12 35^ 



38,738 



87,525 87,503 37,480 37,280 ^ 37,255 37,234 86,341 36,218 . 36,095 34,278 ' 32,698 I 31,900 



per cubic feet is taken at 64 lb. 

cubic feet per minute, and wa^ probably less during the remainder of the trial. 
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and not much below high-water level. The discharge, how- 
ever, always took place below water. Only one pump and 
engine were used in both cases. The friction of the engine 
was taken by running the engine unloaded at speeds varying 
between 122 and 185. revolutions. This is called F.H.P., and 
the horse power transferred to the pump shaft 

S.H.P. = I.H.P. - F.H.P. 

This is not exactly correct, because the friction of a loaded 
engine is a little more than that of one running light, but the 
error is not very great. 

The following is the method of comparing the efficiencies 
obtained from experiment and calculation : In the first trial 
at the 14th foot we find I.H.P. = 255*8; W.H.P. = 91*1 ; 
revolutions per minute = 154*1 (these were taken by a 
counter read every minute) ; mean head, 13*875; this was 
measured by two posts outside and inside, giving heights in 
feet above the sill of the dock, and each interval commenced 
at a foot on the inner scale. On the outer scale inches were 
measured by a pole which had alternate inches at its end 
painted in black and white for a foot length, and this held 
against the post enabled very accurate readings to be taken, 
as the motion of the water was not inore than 4 in. on 
March 13th and not more than 2 in. on January 15th. We 
mention these details, as we believe there have been no 
experiments on pumps made with greater care than these. 
The quantity of water discharged was 36,341 cubic feet 
during an interval of 9 J minutes. This gives a velocity of 
discharge of 8*17 ft. per second from the pump, and as F.H.P. 
at 140*5 revolutions was 10*4 and at 160 revolutions was 16, 
by interpolation at 154 1 it was 14*3. 

Hence S.H.P. = I.H.P. - F.H.P. = 241*5 

91*1 
Pump efficiency = - - = '3775. 

This differs from the hydraulic efficiency only by the bearing 
friction, and neglecting this we may write — 

gR 32 X 13-875 



w. = 



Cy rj 44-15 X -3775 
= 26-6, 



WALLSEND SLIPWAY PUMP. 

and the losses of head 

^ 5-3 + 10-7 + 4-66 
= 20-66 ft 
The efficiency is also obviously 

H 13-876 



H + L 34-535 



= -4025. 
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The difference between that found by experiment and 
calculation is -3775 - -4025 ■» - -025. 



OIAORAM Of E F r IC I E N C I C •. 




C UBIC PEET J^HH SECOND. 
MEAO IN FEET » .«/ ~ 

Fio. 55. 



Fig. 55 is an efficiency diagram for the first experiment. 
The abscissse are orifices in square feet — t.e., cubic feet per 
second H- the square root of g H. 

24. Experiments with a Centrifugal Pump by the Hon. 
R, C. Parsons,* — In Table XVIII. we have selected a num-r 
ber of experiments made by Mr. Parsons with a centrifugal 
pump. After running the pump at various orifices an 
experiment was made to find the work required to revolve 

* Proceedings of the Institution of Civil Engineers, vol. xlvii. 
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the pump at 410 revolutions (the mean of the number 
during the experiments), while the pump was not dis- 
charging. It was found that 45,000 ft.'lb. per minute were 
required, and this was deducted from the work done by the 
engine, and the work done by the pump being divid^ bj 
this was called the corrected efficiency. This quantity is. 



Table XVIII. — Experiments by Mr. Parsons with a 

Centrifugal Pump. 



No. of 
experiment. 


Gallons 
per minute. 


Lift in feet. 


Foot- 
pounds 

raised 

per 
minute. 


Foot- 
pounds 
indi- 
cated 
per 
minute. 


Revolutions 
per minutft. 


EflBciency 
per cent. 


Corrected 
efficiency 
per cent. 


/»H 

^1- 


H 


H-i-L 


1 


1.012 


14-67 


148,461 


208,438 


892 


49-74 


58-67 


67-5 


57-9 


4 


1,280 


14-7 


188,160 


843,754 


898 


54-74 


62-99 


68-7 


60-1 


6 


1,431 


14-75 


211,073 


874,954 


400 


66-20 


63-95 


60-0 


62-1 


8 


1,568 


14-75 


281,280 


404,737 


403 


57-01 


64-29 


61-2 


61-25 


10 


1,695 


14-75 


251,987 


419,790 


405 


60-17 


67-18 


62-1 


65-0 


11 


1,753 


14-8 


259,450 


435,630 


406 


69-42 


66-39 


63-25 


65-9 


12 


1,012 


17-4 


176,088 


370,458 


424 


47-53 


54-06 


56-2 


53-75 


15 


1,280 


17-3 


221,440 


417,214 


428 


53-08 


59-51 


58-7 


60 


17 


1,431 


17-4 


248,994 


447,552 


431 


53-63 


61-86 


60-0 


60-75 


19 


1,568 


17-4 


272,832 


471,552 


433 


57-86 


63-95 


61-2 


63-7 


21 


1,605 


17-6 


298,310 


486,C50 


435 


61-37 


67-64 


62-6 


64-7 


22 


1,753 


17-6 


808,528 


494,210 


436 


62-43 


68-68 


63-5 


64-9 



however, more than the hydraulic efficiency, because the 
work required to drive a pump when not discharging is very 
much greater than the work expended in overcoming the 
friction of the fan shaft and the surface friction of the disc. 
The real hydraulic efficiency obviously is between this 
"corrected efficiency" and the ratio of the work done by 
the pump to that done by the engine which drove the belt. 
It will aho be seen that the calculated efficiencies do lie 
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between the latter and Mr. Parsons' corrected efficiencies^ 
and are therefore close to the real efficiencies of the pump. 
These experiments help to prove that the mechanical 
efficiency of a pump is not far from 



Vi =- 



or rj.^ = 



_H 
H + L 



where L are the losses of head in feet, points that are dealt 
with in a subsequent article. 

The method of calculating rj^ and r]2 is as follows : The 
dimensions of the pump are given in a paper on Centrifugal 
Pumps by Prof. Unwin (vol. liii., Proceedings of the Institu- 
tion of Civil Engineers). The external radius of the fan is 
ri = 9*25 in. = 2ra, the internal radius. The breadths bi 
and 62, at the external and internal radii, are both 5*75 in. 
There were eight vanes, and as their thickness is not given, 
they are assumed to be ^ in. at their ends. The velocity v^ in 
the volute is given by Prof. Unwin as 3 w^, but as he evidently 
neglects the vanes, this must be modified. Assuming a co- 
efficient of contraction of y^^ at discharge from the fan, which 
is also the custom in radial-flow turbines,* we get 

V4 = 2-35 Ui, Wg = 1*94 Wj. 

The angle <^ made by the vane at the external radius with 
a tangent to the fan is 15 deg,, and at the internal radius 
= ^0 deg., so that 

cot<f> = 3-73, cot^ = 1 91. 

Let G = gallons per minute, 

_ G 

^ "" 60 X 6*25 (2 7rri6i - /i 61 /j cosec <^) K 

G 

*'" "■ 60" X 6-25 (2 7rro62 - nb.J.2CoseG6) K 



* Bodmbr's Hydraulic Motors, Turbines, etc. 
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•where n = 8 = number of vanes 

/. wi = G X -001472. 

Taking the first experiment as an example, G = 1012, 
Wi = 1*48, V4 = 3*48, Ci = 31*55, Wi = Cj - Wicot <^ ; and 
assuming the relative angle of flow coincides with the angle 
■of vane, 

Wi = 26-04, 

lAA <7H ,^^ 32-2 X 14-67 ^.^.^ . 

100 wj = 2i_ - X 100 = = 57-5 per cent, 

" cit^i 51-55 X 26 04 ^ ^ 

(t^^-j^^^ 7-8, :!*L = .034: 
64 '64 ' 

then the loss of head at entry into the volute is 

A, = l"-' -<^ + ^= 7-834. 
64 64 

A, = -^'-^-«JL<'°*^'' = 2-375. 
64 






The surface friction is F -\ , and the most suitable value of 

64 



F is 2-5, so that 



Fi!il = -4725. 
64 



As the tube by -which the head at outflow from the pump 
was measured was a sort of Pitot tube turned to face the 

stream, the loss -^ may be omitted : the efl&ciencies are, in 

64 

fact, dynamic. 

Hence, if L = total losses of head, 

T^^ 100 H 14-67 X 100 •' ^o 

^^^ ^^ = BTTX = U-67 -. 10-681 = '^'^ ^' ^^^*- 
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We also find that the revolutions per minute R, H the head 
in feet, and G the gallons per minute are connected by the 
relation 

R2 + -02225 G R - 9850 H - -01285 G^ = 0, 

which can readily be thrown into the form of equation (22). 
The following table gives the results of calculation from the 
above equation : — 

No. of experiment. Actual head. Calculated head. Difference. 



1 


14-67 ... 


... 15-1 ... 


... --43 


4 


14-7 ... 


... 15-05 ... 


... --35 


6 


14-75 ... 


... 14-86 ... 


... --11 


8 


14-75 ... 


... 14-71 ... 


... +-04 


10 


14-75 ... 


... 14-4 ... 


... +-35 


12 


17-4 ... 


... 17-85 ... 


..; --45 


15 


17-3 ... 


... 17-66 ... 


... --3 


17 


17-4 ... 


... 17-45 ... 


... --05 


19 


17-4 ... 


... 17-35 ... 


... +-05 


21 


17-6 ... 


... 17-05 ... 


... +-55 


22 


17-6 ... 


... 17-16 ... 


... +-46 



25. Experiments with Open-running Fans', — In the Minutes 
of the Proceedings of the Institution of Mining Engineers, 
vol. xL, will be found a paper by Mr. Walton Brown, con- 
taining several experiments with a Waddle fan wnth nn 
expanding rim, whose radial section is the same as the axial 
section of the large end of a trumpet In other respects it 
is a simple open-running fan, with the vanes curved so as to 
be convex to the outlet. The following are the principal 
dimensions of the, fan : — 

Diameter to perii)hery of divergent outlet ... 36 ft. 4 in. 
Diameter to the extremities of the blades ... 35 ft. 

Diameter of inlet ring 13ft. 6 in. 

Width at outlet 1ft. l|in. 

Width at periphery of fan 2 ft. 2| in. 

Capacity of fan 2,583 cubic feet. 

The following experiments have been selected from those 
given : — 
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No. of experiment. 



Revolutions per minute of fan . , 




I 

I- 



50 



Cubic feet of air per minute .... 140,158 



Water gauge... 
H.P.intheair. 

1.H.P 

Efficiency 



2-070 
45-68 
69-91 
•653 



57-2 
169,053 

2-410 

64-5 
100-64 

-641 



4* 


6 


V. 


59-73 


87-2 


67-47 


231,306 


108,777 


174,008 


2-671 


1*082 


3-274 


97-33 


18-51 


89-6S 


144-5 


27-72 


139-94 


•673 


•668 


•641 



* In this experiment the separation doors were open ; the others were made on 
the mine. 

In vol. xliii. of the same will be found several experiments 
with an open-running fan driven by a Corliss engine at 
Seghill Colliery, Its external diameter was 35 ft. 1 in., the 
inlet 12 J in. diameter on one side, and the inside width of 
the rim is 15 J in. It is made of extra thick steel plates, 
the front being y^u-in. thick, the back ^ in., the back plates 
opposite to the inlet ^^'\n,, the vanes y\in., and it weighs 
about 19 tons. The fan shaft is of mild steel, 8 ft. 8 in. long 
between the bearings, lljin. diameter, and where the fan 
bosses are keyed on it is 12 in. diameter. The drift bearing, 
which carries two- thirds of the weight, is 10 in. diameter 
and 20 in. long ; the bearing in the engine house is 8J in. 
diameter and 14 in. long. The fan and shaft were made by 
Messrs. Thornewill and Warham. The engine was built by 
Messrs. Hick, Hargreaves, and Co., and has one horizontal 
high-pressure cylinder 16 in. diameter and 36 in. stroke of 
the Corliss type, working at a pressure of 100 lb. per square 
inch, but the steam pipes were 103 ft. long. The end of the 
water-gauge pipe in the drift was 10 ft. 4 in. from the centre 
of the fan shaft, with the end turned towards the fan (which 
would certainly tend to increase the gauge, but how much 
more so than if it were perpendicular to the current we are 
not prepared to say). The following are averages from 
several experiments, each average being the mean of a 
number of experiments which do not differ very much from 
it The temperatures were between 57^ deg. and 60 deg. in 
the fan drift : — 



BeTOluHonH of Ian par mil 
OtMo f«st ot ulc p«r miuu 

WstsT gauge la drift 

aP-lnthSBlt 

LH.P 

NecbuDlol efficlencj per ( 

■aeparatli 



1 ^^ ^ 


10 to IT 


18* 






sD-m 


lS5,7iB 


60 


8-910 


■•4-520 


1 i-oe 


2U 






««z 


1S9S- 


i j|.j^ 


54 32 


' 






A yiew of the Waddle fan, 

abown in fig, 56. 
lOcr 



on page 127, is 
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25a. Experiments made by M. Lelong* — M. Lelong has 
made a number of very interesting experiments in order to 
obtain data for the calculation of the dimensions of ventila- 
tors for warships. The first quantity requiring formulae 
was the resistance of the circuit through which the fan 
discharged its air. This is made up of (1) surface friction, 
(2) changes of section, (3) changes of direction. 

(1) Surface Friction, — The loss of head due to friction 
may be expressed by the formula (put in our own notation), 

' s 2g 

where I is the length in feet, s the section in square feet, 
V the velocity in feet per second. K is a coefficient whose 
mean value is about 0*006, while X is the perimeter of the 
section. Calling 

the resistance due to this, we get 

2gll^ = ^'^X = ;00 6J_X 

(2) Changes of Section. — When a passage ends in a very 
large space, the kinetic energy of the current is completely 
lost, and the corresponding loss of head is 






2g' 

while the resistance due to this 

2i?H» ^ 1 

" Or L»'" 

Inversely, if the current of air flows from a large space into 
a cylindrical pipe, we usually allow a coefficient of contrac- 
tion, y = 0-83, for the vein entering the pipe, so that the 
loss of head here becomes 
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and the corresponding resistance 

C - ^.-J-H, _ 0-45 

In order to find the value of the coefficient that must be 
used for rectangular passages of large dimensions such as 
one finds on board ship, M. Lelong made several experi- 
ments. They were made with passages of two sizes. The 
section of the former was 1*31 ft. by 2*62 ft. ; the smaller 
was obtained by dividing the first into two parts by a Jongi- 
tudinal partition. The passages were made of carefully 
planed wood, having a length of 9*84 ft One end was 
connected with the atmosphere, the other was enclosed in 
a chamber into which a fan discharged. The static pressure 
in this chamber was given by a manometer ; the discharge 
was given by an anemometer. The total resistance includes 
not only that at inflow, but also that due to friction and the 
loss of the kinetic energy at discharge ; we have therefore 
deducted these two last, using a coefficient 0*004 for the 
coefficient of friction. The results obtained were given in 
the following table. They are left in metres, as the object 
of the experiments was to find a coefficient which is indepen- 
dent of the units : — 



Total pressure in Discharge in 

the chamber cubic metres Total resistance, 

in metres of air. per second. 

H. Q. 



2flrH 



First passage. ( 32 6-31 15-7 

Section J 28 5-90 15-7 

0-82 X 0-40 ) 16 4-48 15-6 

metres. { 8 3*19 15-5 

Mean resistance 15*6 

Resistance due to friction -836 

Resistance at outflow 9*25 

Remainder at inflow 5*51 = - .,-. 

«" 

Value of corresponding coefficient of contraction, 0*79. 
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H. Q. 



2yH 

Second ( 8 1*36 Si 

passage. J 16 2-00 79*2 

0-4 metres ) 28 2-63 79-2 

square. ( 32 2*85 78 

Mean resistance 80 

Kesistance due to friction 4*71 

Resistance at outflow 39*0 



Remainder at inflow 36 '3 = 



0-93 



s' 



Value of corresponding coefficient of contraction = 0-72. 

For the second passage the results given are the means 
between those obtained for each of the two passages. 

By connecting the exit or entry of a pipe to the larger 
space by means of a cone, the loss of head is much reduced, 
and can become zero. It is negligible if the angle at the 
vertex of the cone does not exceed 30 deg. when the passage 
is to be reduced, and 7 deg. when the passage must increase. 

(3) Resistances due to Change of Direction, — Changes of 
direction give rise to very variable losses of head, according 
to the different arrangements of the elbows. For sudden 
changes of direction, the loss is that given by Peclet, 
which agree very closely with the results obtained by other 
experimenters, and in particular by Weissbach. 

XT • ^^ 

H = sm a 



whence 

G = 



2^ 
sin a 



a being the angle made by one pipe with the prolongation 
of the other. 

For bends the loss is much less. Weissbach gives the 
following formula : — 
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where 

^ = {0-131 -. 1847 (JL)^}* 

for pipes of circular section, diameter d and mean radius p, 
and 

P = I 0-124 + 3-104 {^)^y 

for rectangular sections haying a height d, According to 
these formulae the loss of head does not depend on the total 
angle of the bend, but on the ratio of d to p. 

Several experiments were made by M. Lelong to see if 
Weissbach^s formula could be practically applied to large 
rectangular-sectioned ventilation passages, such as are found 
in warships. The passages used were similar to those 
described above. At the ends of the bends it was necessary 
to add a length of passage of three metres, so as to obtain a 
uniform outflow of the air, which appeared to be extremely 
irregular after leaving the bends. The following table gives 
the results of experiments and compares the coefficients /? 
thus obtained with those deduced from Weissbach's formula. 
Before the air entered the bend it had to pass through three 
metres of passage, and after leaving the bend through the 
same distance. 

The values of 13 thus found by experiment are generally 
less than Weissbach's. The greatest discrepancies are to be 
found in experiments (4) and (8). These may be explained 
by the small angle of the bend of which Weissbach's formula 
as given by M. Lelong does not take account. The figures 
show, however, that the total resistance is very nearly 
independent of the discharge, and that the loss due to bends 
is less than that due to sharp comers, if we accept the 
formula 

sin a 



G = 



s' 



for these latter. In experiments (5) to (8) the passages 
were divided by vertical longitudinal partitions, and experi- 
ments (5a) and (7a) refer to those having the greater radii 

* We have usually seen these formulse multiplied by a, the fraction of two right 
angles of the bend, but even this modification does not bring about an agreement 
between Wtissbach's formula and the results in the table. 
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of curvature p. The principal difficulty in making aucb 
experiments as these seems to be that the resistance of the 
bend is ouly a small part of the whole, and therefore, aa it is 
taken as the remainder when the rest are deducted, what- 
ever errors may creep in are included in it. 



CHAPTER XI. 

tlong on Yariout Typei of Fani — 

i one designed for the Du Chayla. 

Its dimensions were the following: Esternal diameter of 



wheel, 5-25 ft. : 
24 ; width of ■ 
The casing wae 
the formula 



diameter of eye, 3'28 ft ; number of vanes, 
les at the outer circumference, 0"492 ft 
volute whose sections were calculated by 



where Q = cubic feet per second, d — angle measured from 
the commencement of the volute to the section, v the 
absolute velocity of outflow from the fan, and < the section 




of the volute in square feet. The fan is shown in fig. 56a, 
This fan was first tested without the inflow mouthpiece, and 
curve (1), fig. 666, shows its characteristic, the ordinates 
being manometrio efficiencies, and the abscisste 
orifices 

Q 

r,- Jig a' 
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the 2 in the denominator having been l^telj added by 
M. Bateau. With the mouthpiece the cbaracteristio was (2). 
Fig. 56c is the Becond fan tested, having an external diameter 
of wheel, 5"57ft. ; diameter of eje, 3 64 ft; numiaer of 




vanea, 16; width of vanes at the eitemal diameter of the 
wheel, 0-574 ft. The volute is now calculated by the 
formula 

This] volute receiveB the air discharged by about three- 
quarters of the disc. It ends in a pyramidal chimney 



having an angle of inclination of faces of 7 deg., whilst the 
air discharged from the last quarter of the disc is received 
by a diffuser. The air leaves the chimney and diffuaer with a 
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velocity equal to half that from the wheel. The characteristic 
of this fan is (3), fig. 566. Curve (4) shows the effect of 
doing away with the diffuser. These two fans had vanes 
ending radially, and M. Lelong considers that their mano- 
metric efl&ciency is the same as the mechanical efficiency of 
the fan. This, however, is doubtful. The latter is probably 
more, because it is quite possible that w^ < Ci as the angle 
of flow is not always the same as the angle of vane. 

The third fan tested, fig. 56c/, had two eyes. Its vanes 
were inclined forward at 45 deg. to the radius. The sections 
of the volute were the same as in the last case, but there 
was no diffuser, and this we believe is the reason that the 
manometric efficiency was only about 65 per cent at most. 
The external diameter of the vanes was 4*59 ft., the diameter 
of each eye 0*295 ft. ; the number of vanes was 16, and their 
width at the outer diameter of the wheel '459 ft. The 
characteristic curve of this fan (6), fig. 56f, is much higher 
than the last, but its mechanical efficiency is not any greater 
than that of the first or second. If we assume that the 
angle of relative outflow from the wheel is the angle of the 
vane, the efficiency of the fan alone in this case should be 
very nearly 

^ H _^/M ^/.^ JR 



1 = 



M M 



1 + Qn/M I ^ </> JM 

M 



n 

j2gE. ^/2 TT ri b^ b^'^ J2 



where </> = ^ 



1 + M26<^^M 



n' n/2 g H 

w^hich is called the reduced orifice, the — = having been lately 

v2 
added by Professor Rateau. 

This gives us from curve 6 the following table : — 

Reduced orifice <^ . . . '2 '3 '4 

-q -534 -497 -451 



which shows very clearly the mistake of not having a proper 
di&uaer into which the wheel might discharge before the air 




entered the volute. Curve 7 shows the dynaniic mano- 
metric efficiency of the fan. Fig. 56/ shows an open 
running fan with radial vanes tested with a casing. Its 
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dimensions n 
eye, 2-62 ft 



are : Diameter of wheel, 4'42 ft. ; diameter of 
number of vanes, 34 ; breadth of wheel at 
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discharge, '354 ft. It gave the characteristic curve 8. It 
was tested without any easing. Curves 9 and 10 (fig, 56^) 
represent the characteristics with and without inflow 
mouthpiece of a fan constructed for experimental purposes, 
and only difiering from the preceding in the inchnation of 



Fid. 56/. 

its vanes at the outer radius (fig. 56A). Its manometrio 
efficiency was less than that of the preceding, as its vanes 
curved backwards. If we increase the height of curve 8 in 
the same proportion as 9 is above 10, we get [curve 11, 
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Seduced Orlficea. 



which M. Lelong considers would have been the character- 
istic of the fan (fig. 56/) if an inflow mouthpiece had been 
added. 

Tht Moriier DiametrtU Fan. — In fig. 57 is shown a 
Mortier diametral fan. The direction of rotation is counter 
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clockwise, and the air enters and leaves as shown by the 
arrows. The forward inclination of the vanes allows of inflow 
without shock, and the air at outflow is thrown forwards as 
well as outwards. Its velocity head, which must then be 
considerable, is converted by the chimney into pressure 
head. These fans are made by Mr. Louis Galland, of 
Chalon-sur-Saone. The results of experiments with a fan 
of this type, of 6*56 ft. diameter by 3*94 ft. broad, are shown 




Fig. 58. 

in fig. 58, in which are given the mechanical efficiency of 
fan and engine, the manometric efficiencies, and the quantity 
that would be discharged per second in cubic metres at 
225 revolutions per minute, or a peripheral velocity of 
77*4 ft. per second. 

In order to get from this curve the volumetric efficiency 
Q -r Ci Vi the reader may divide by 23 '6. We have, how- 
ever, already explained that we do not consider this formula 
a good comparison between weight, size, and tip speed of 
fan. The volumetric efficiency at the orifice at which the 
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maximum mechanical eflBciency was obtained is very nearly 
89 per cent, and is very high. 

We are not prepared to theorise as to what happens 
within the eye of the wheel. The vanes are radial at the 
inner circumference of the wheel, and it may be that in 
passing across the eye the air moves in such a curve that its 




radial velocity is unaltered, and its tangential is reversed, so 
that it enters the wheel again without shock ; but this seems 
very doubtful. Also the fact that the motion in each passage 
is begun, stopped, and reversed, and stopped again, every 
revolution, must be the cause, of waste of energy, but of how 
much it is difficult to say. 

These fans can by an adjustment of the casing be arranged 
so as to work at variable orifices. For example, if the orifice 
of a mine increases, the casing of the fan can be moved 
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away from the wheel, fig. 59, by the rack and pinion from 
the position shown by the dotted lines, and it will, according 
to the makers, discharge more air with equal efficiency. 

Fig. 60 shows a larger fan, in which the position of the 
casing is permanently moved outwards from its original 
position, as shown by the dotted lines. 

The Kley Ventilator. — In this fan (figs. 61 and 62) the vanes 
are radial and plane, but two spiral inflow passages are pro- 
vided in which the air obtains tangential motion in the same 
direction as that in which the wheel is running, which is 
clockways, in fig. 62. The suction passage is so calculated 
that in normal working the air will enter the wheel without 
shock. After leaving the wheel it enters the volute, whose 
section increases gradually towards the discharge. It will 
be noticed here that the work done by the wheel per pound 
of air is 

9 



or 



- c.' (i - (!!')') 

9 ^ ^r/ ^ 



They are constructed with inflow at one or both sides ; for 
forges and foundries from 11 '8 in. to 7*2 ft. diameter, and 
for mine ventilation from 16*4 to 39-3 ft. diameter. The 
following table gives a series of experiments upon a 



Revalutions 
, of fan 
per minute. 


Water gauge in 

the suction 
pipe in inches. 


Cubic feet of 
air per second. 


Approximate 
manometric 
efficiency per 
cent assuming 
jj^ 10000^^ 
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Mechanical 

efficiency of 

engine and fan 

per cent. 


* 


h 


Q 


M 




30 


•86 


493 


89-60 


• • 


40 


1-35 


622 


79-25 


54 


50 


1-97 


751 


74-00 


•• 


ea 


2-85 


881 


74-50 


56 


70 


8-84 


1,020 


73-50 


• • 


72 


4-10 


1.055 


74-2 


58 
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ventilator of this type of the following dimensions : External 
diameter, 29 J ft. ; internal diameter, 19*66 ft. ; external 
breadth, 2-62 ft. ; internal breadth, 3 94 ft. 

The following table, for which, with figs. 61 and 62, we 
have to thank Mr. C. Mehler, of Aachen, give dimensions, 
&c., of the smaller fans of this type. 



o 



Discharge iu 1 
cubic feet 
per minute. ) 
Corres- \ 
ponding } 
revolutions. 
Discharge in 
cubic feet 
per minute 
Corres- \ 
ponding |- 
revoUitions. ) 
Discharge in 
cubic feet 
per minute 
Corres- 
ponding 
revolutions 
Discharge in ^ 
cubic feet > 
per minute. ) 
Corres- 
ponding 
revolutions 
Discharge in 
cubic feet 
jer minute 
Corres- | 
ponding \ 
Mens, ' 



Water gauges in inches. 



7-89 11-8 



15-75 



-©22' ©J &« 

19-70 28-60 .S'^c ' .2S c 



705 880 1,055 I 1,230 1,410 29*6 



8-87 



;"} 

I 

;. i 



1,289 1,569 ' 1,^10 

I 

t 
1,2?0; 1,410 I 1,700 

i I 

960 1,177 I 1,858 

; 

1,760 , 2,110 2,C40 

768 942 ' 1,0£6 

i 

2,810 3,520 ; 4,230 

I 

615 756 ; 870 

I 
5,640 6,700 ' 8,460 



2,026 2,216 ^ 

I 
1,930 2,110 j 39-4 

I 
1,520 1,662 

3,000 3,170 49-25 

1,21G 1,330 

I 

4,760 5,290] 61-5 

974 1,065 

9,510 10,550 87-5 



11-8 



14-8 



18-4 



26-2 



revolutic 



The Pelzer Fan, — This is shown in figs. 63, 64, 65, and 
66a. It is a type of fan largely used on the Continent. It 
has in late years been greatly improved. Fig. 66a shows 
the wheel The eye is to the left, and in it are seen twelve 
vanes of a curved form, which receive the air without shock 
as it enters flowing parallel to the axis. Having passed 
these, it is received by vanes which are plane and radial, and 
a manometric efficiency of 60 per cent is generally obtained, 
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but this by alterations in the construction can be considerably 
increased. 

Figs. 63, 64, and 65 show the diffuser and volute, an iron 
chimney, and the plant for driving the fan. The aerial 
pressure on the wheel is balanced by allowing the air from 
the diffuser to flow into the conical spaces surrounding the 
left side of the circumference of the wheel. A thrust, fig. 
65, to the right is obtained to balance the thrust that 
naturally acts towards the left or suction side. 

These fans are made with diameters between 1 1 '8 in. and 
19 7 in., while the breadths of the wheel are — 

Y^ths of the diameter for a water gauge of 0*4 inch. 



Toths 
^ths 



»j >' 



Y^tns ,, ,, 



Y^ths 

TuthH 



T?r^"^ ») 5 5 



Y^ths 



>> )> 



>» 


0-8 




« • 


1-2 






2 






3 

4 






^c 






6 






8 






10 






12 






14 





These fans are made by Mr. F. Pelzer, Dortmund. 

2^he Bumstead and Chandler Fan. — This is shown in 
.figs. 66 and 67 in sectional plan and elevation. There are 
two engines, one on each side of the fan, which can be run 
separately or both coupled to the fan. They have high- 
pressure cylinders, 16 in. diameter, and low-pressure, 24 in.; 
they are tandem engiiies, with a stroke of 16 in. These 
engines when running at 220 revolutions indicate 320 horse 
power. The fan is 15 ft. in diameter and 6 ft. 6 in. wide, 
and is capable of discharging 250,000 cubic feet of air per 
minute, 'but as it was found impossible to get this quantity 
through the mine at the stipulated water gauge in the fan 
drift, it was decided to permit some air to enter the top of 
the upcast shaft, and then to measure the total volume 
in the fan drift, which is of ample area and length to obtain 
accurate measurements. The air from the mine enters the 
fan at both sides, fig. 67 (which is a sectional elevation 
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through the centre of the fan), and is discharged upwards 
to the atmosphere after leaving the fan. The chimney is 
very large, in order that the air may be discharged at low- 
velocity. The casing is a volute. The blades of the fan are 
mounted on a steel disc, 10^ ft. diameter. 

The makers have made many experiments to find the best 
form of blade, and have proved to their own satisfaction that 
a modified S form is the best, with the inner end of the 




Fio. 66 

blade curved forward in the direction of rotation, so as to 
cut into the air, and gradually raise its velocity as it passes 
outwardp. 

It will be noticed that the fan- shaft bearings are not in 
the air drift in the usual way, but are isolated therefrom by 
a sheet-steel cover. The bearings are thus practically in the 
engine room, and free from all dirt and dust that passes 
through the fan. These bearings are adjustable vertically 
by means of taper wedges, adjustable by screws. 

The following is a series of tests upon the above fan by 
Mr. Strick, manager of the Cossall Colliery. The equivalent 
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orifices and manometric efficiencies have been added, 
value 'of H has been calculated by the formula — 
„ lOCOO , 



The Ser Fan. — This has already been illustrated and dea- 
cribed in figs. 50 and 51, We add here aome experiments 
with a small blowing fan of the following dimensions : — * 

External diameter 197 in. 

Internal diameter 11-8 in. 

Lengtli of vanes radially 3-94 in. 

Width of vanes parallel to the azia 3 '56 in. 

CroBs-section of the discharge pipe...l0'25 x 9*84 in, 
= 0-7 sq. ft. 

From " DiB GoNitM," b; voD IherluB:. 
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Revolutions of fan 
per minute. 

> 


1 

iter gauge in 
inches. 

1 


metric efficiency 
per cent. 


power measured 
B dynamometer. 


sefulH.P. of 
fan. 


anical efficiency 
\i fan alone. 


bic feet of air 
per second. 


Equivalent 

orifice in 

square feet. 


h 


Mano 


Horse 
atth 


P 


Mech 
c 


Q 


Q 

43-4 V 


1292 


5-26 


93-5 


7-8 


4-96 


63-6 


99-5 


1-0 


1094 


3-69 


91-0 


4-65 


2-91 


62-6 


83-2 


•975 


1002 


3 16 


93-0 


3-45 


2*31 


67-0 


77-0 


•996 


830 


2-22 


95 


2-37 


1-35 


57 


64-6 


•995 



4 




Fio. 68. 
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A tranamiaBion djnamometer muat have been uaed here, 
as the mechanical efficiency of the fixn alone ia given. These 
experiments are an excellent illustration that the manometric 
and mechanical efficiencies are very nearly constant at a 
constant equivalent orifice. The friction of the shaft, pro- 
bably accounts for the full in the latter efficiency, except in 
the third experiment 



Beck and Ueiikei i'a«!.— Figs. 68 and 68a show a type of 
fan made by Messrs. Beck und Heukel, Cassel. It is driven 
direct from a small vertical engine. It has a cast-iron spiral 
casing, and inflow takes place at Ixith sides ; the casing is 
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formed in two halves, so that the wheel is readily 
accessible. The centre of the wheel is formed of cast iron, 
having a number of arms connecting the boss to two 
rings. To these, by means of angle irons, vanes of sheet 
steel are fastened, and the shaft is carried on the left of 
fig. 68a in a self-adjusting bearing, having a bearing surface 




Fig. 69. 

of white metal and an oil chamber at the left beneath it, 
from which oil can be raised by a ring carried by the shaft. 
These fans can be driven direct by engine or electro-motor, 
or by belt and pulley. These fans are made with wheel 
diameter between 11 '8 in. and 59*1 in., and can supply air 
at 29 '5 in. of water gauge. 'J'hey can therefore be employed 
for forges, cupolas, &c. 
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Figs. 69 and 70 show another fan made by the same firno, 
with inlet at one side and a sheet-iron casing ;- these are for 




V>^^/7i 



Fig. 70. 



producing moderate pressures, and for the discharge of large 
quantities of air. The centre of the wheel is of cast iron, 
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but to this are fixed sheet-iron vanes. This type can be 
driven direct or by pulley, and are made with wheel 
diameters between 11*8 in. and 118 in. 

Figs. 71 and 73 give two sectional views of a double 
inlet fan constructed by Messrs. W. H. Allen, Son, 
and Co., of Bedford. It is here represented as fixed on 




66 in. Double Inlet Forced Draught Fan. 



Fig. 71. 



board ship. Its diameter is 66 in., and it is intended 
to produce a forced draught, and its normal output 
is 25,000 cubic feet per minute, but this can be 
varied according to the work it has to do. Its 
vanes are connected to the conical cashig by means 
of angle irons. They at first curve backwards in the 
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opposite direction to that in which the wheel rotates, but as 
they near the outer periphery they have a contrary- 
curvature, ending radially. The wheel is driven direct by 
one of Messrs. Allen's enclosed forced lubrication engines. 
The introduction of the enclosed type of engine for this 
purpose is to enable the plant to run continuously at high 
speed without much attention. These fans are also supplied 




66 in. Double lulet Forced Draugnt Fan. 
Fio. 72. 

with electro-motors, but in the past the majority of them 
have been steam driven. It will be noticed that only part 
of the circumference of the wheel is surrounded by a volute, 
the remainder discharging into a difFuser. 

Figs. 73 and 74 give a sectional front and side elevation 
of a 78 in. single inlet fan by the same makers. The wheel 
centre is of cast iron, but the rest of the wheel casing and 
vanes are of wrought iron. These latter are of the same 
form as is the previous fan, but the wheel is completely 
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. Fios. 73 AMD 74.— 78 in. Single Inlet Fan. 




CuFr 

Tests of 4 ft. 6 in. Single Inlet Fan. Motor driven. 100 revolutions. 

Fig. 75. 
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Tests of 4 ft. 6 in. Single Inlet Fan. Motor driven. 200 revolutions. 

Fio. 76. 
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Tests of 4 ft. 6 in. Single Inlet Fan. Mutor driven. 300 re volutions. 

Fio. 77. 
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surrounded by a volute. The normal capacity of this fan ia 
about 17,500 cubic feet per minute, and it can be driven 
either electrically or by steam. Figs. 75 to 82 are curves 
made from tests with a 4 ft. 6 in. diameter single inlet fan 
similar to the last. They give the water gauge, brake horse 
power, and efficiency as ordinates, with the number of cubic 
feet per minute as abscissae. We give these curves taken at 



6o 



z 



to 










•^6 -5 I o 

Testsof 4 ft 6 in. Single Inlet Fau. Motor driven. 400 revolutions 

Fia. 78. 



from 100 to 800 revolutions per minute, because they are 
almost a conclusive proof of the theory previously given in 
these pages. In the first place, it will be noticed that the 
cubic feet per minute when the water gauge is zero is a little 
more than thirty times the number of revolutions per 
minute, and if we calculate the equivalent orifices when the 
discharge in cubic feet is fifteen times the revolutions per 
minute, we obtain the following table : — 
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Revolutions per minute 


200 


300 


400 


600 


700 


800 


Cubic feet per minute 


.8,000 


4,500 


6,000 


9,000 


10,500 


12,000 


Water gauge in inches 


0-5 


1-2 


2 


4-6 


6-1 


8-3 


Equivalent orifice 


1-63 


1-58 


1-6C5 


1-614 


1-63 


1-566 



The equivalent orifice is 



Q 



where Q is cubic 



•65 j2gK 

feet per second and H is head of air in feet. Putting Q = 
^ where Qi = cubic feet feet per minute, and 



H = A X 



10000 
144 



which gives a correct value for the average densities of air 
and water, we pbtain the equivalent orifice 



= 



_Qi 

2600 V// 



from which the values in the above table are calculated. 

This shows that when Q <x Cj tip speed Q x J h ; it follows 
that the manometric efl&ciency at this equivalent orifice is 
constant. It can be calculated by the formula 



M = 



_.^H _ 



40100 h 



(revolutions per minute)- 



and we obtain values between 52 and 50*2 per cent at this 
orifice. The mechanical efl&ciency decreases with the speed 
as the brake horse power of the motor that drives the fan is 
partly absorbed by the work done on the air by the wheel, 
and by the surface friction of the outside of the wheel, two 
quantities of work which vary as the cube of the 
revolutions, but in addition to this there is the bearing 
friction, and this appears to require work roughly pro- 
portional to the revolutions. For if R is the number of 
hundreds of revolutions per minute, and we assume 
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Testsof 4 ft. 6 in. Single Inlet Fan. Motor driven. 500 revolutions. 

Fig. 79. 
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Tests of 4 ft. 6 in. Single Inlet Fan. Motor driven. 600 revolutions. 

Fig. 80 
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or 



B.H.P. = AR» + <;K, 
^^•^ = A R« + C, 



then for 800 and 400 revolutions we get 

*>0 

- = 64 A + C 

6 

4 = 16 A + U, 



so that A = ^ and C = L 

This gives us the following table : — 

B.H.P. actual 13-70 ... 850 ... 150 

B.H. P. calculated 13-66 ... 8-875 ... 1*48 

Revolutions perminute. 700 ... 600 ... 300 



•500 
•625 
200 




Teats of 4 ft. 6 in. Single Inlet Fan. Motor driven. 700 revolutions. 

Fig. 81. 

which shows a very close agreement, and implies that the 
journal friction force is constant and the work required to 
overcome it varies as the revolutions. The useful work 
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varies as the cube of the revolutions for Q oc J h az 
revolutions at a given orifice and the useful work x Q A, and 
therefore cc (revolutions)^ The air efl&ciency 

useful work done 
-q = 

work transmitted to wheel 
is therefore probably a constant quantity. 




Tests of 4 ft. 6 in. Single Inlet Fan. Motor driven. 800 revolutions. 

Fio. 82. 

The GenesU-Herscher Fan, — This is of considerable in- 
terest, as it gained the first prize at the Paris Exhibition of 
1900. A small fan of 2*62 ft diameter is shown in figs. 83 and 
84, and a diagram, fig. 85, shows curves of mechanical efficiency 
of motor and fan, manometric efficiency, and a curve of 
volumes in cubic metres, which must be multiplied by 35*32 to 
reduce to cubic feet, and the depression in millimetres must 
be divided by 25*4 to reduce to inches. The tests were made 
at the Blanzy Mines. The fan had a diameter of 475 ft, 
and was driven by two engines having diameters of cylinders 
of 18*65 in., and a stroke of 27*5 in. The curves are reduced 
to what would have been obtained at 545 revolutions, cor- 
responding to a tip speed of 135*5 ft. per second. The 
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Scale of Discharge in Cubic Metres. 
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highest mechanical efficiency was 66 per cent, and was 
obtained at an equivalent orifice of about 12*35 square feet ; 
while the highest manometric efficiency, 114*5 per cent, 
was obtained at an orifice of 13*45 square feet — two values 
very close together. The curve of volumes will give volu- 
metric efficiency, if divided by CiT^ in metric units, or 21 "7. 
The fan of 2*62 ft. diameter — figs. 71 and 72 — has cylindrical 
vanes, and a cylindrical section of the wheel first decreases 
from the eye radially, and then again increases from about 
the middle of the blade to the circumference. There is no 
diflfuser, but the air is discharged into a volute of rectangular 
section. The vanes must be curved forwards considerably to 
obtain the high manometric efficiency. The breadth of 
w^heel at outflow is 7 in., and at the inner radius of the 
vanes 8-3 in. The external diameter is 31 J in., and the 
internal at the comers of the vanes 20 in. The mouthpiece 
at the suction has a diameter of 28 in. The volute appears 
to have a section increasing imiformly with the angle from 
the beak, and at discharge is 17*6 in. by 17*1 in. Fans for 
mine ventilation have, of course, a chimney. Assuming a 
mechanical efficiency of 70 per cent for this type of fan, with 
a manometric of 110 per cent, and an equivalent orifice, 

= A X 12-35 X .^f^^)' = 3-25 = -— g- 

10 (4-75y^ •65V2(7H 

w^hich gives the same reduced orifice as that of the Blanzy 
fan, multiplied by y®^ to allow \ for exaggeration by the 
anemometer. Then 

f'^ = -70 
^/M >^^^ , , = -70 

Cj - Ml cot <p 

1*05 Ci Uy ^ , 

-~^ - ._' = 1 , cot </) 

•70 J^H JgR 

1-50 - -95 , , 
= cot </>. 



But 
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Q Ox -92 J^H 



2^7-1 61 IT X :i-bJ X -684 
= -622 ^^ H 

.-. cot ^ = - -^ = - -722 

</, --= 125° - r)0' 

the angle of outflow. 

The velocity of whirl w^ = Ci - u^ cot </> 

= (-95 + -449)7^= 1-399 Jfti.' 

That in the volute 

144 Q 

* 17-6 X 17-1 
144 X 3-25 X -92 



17-6 X 17-1 



.^■= 1-43 V^H 



greater than w^, so that there appears to be an increase of 
velocity in the volute. Probably the real orifice is about 
"85 that given by the anemometer, and Wi is in reality much 
larger, and v^ less. It is, however, clear that a chimney is 
necessary to reduce 1/4, which would cause a loss of head, if 
not reduced, of 

^*' = 1-02 H, 
so that the efficiency would be below 50 per cent. 
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CHAPTER XII. 

28. Comments on the preceding Experiments^ and Com- 
parison between Theort/ and tlie Eemlts of Experiments. — One 
of the most important statements that we made was that 
the general equation of any fan could be thrown into the 
form 

ci- + Pci Q - R Q2 - S^H = . . . (22) 

and that this could be put into the form 

1 P 

-T> + — r^ - R 0- - S = .... (39) 
M v M 

The following table gives the calculated and experimental 
values for H for the Rateau fan of Table XII. The quantities 
are in this case in the metric system. The equation of the 
fan is 





Ci + :5-D4Ci 


H - A'^i H 


No. of 
equipment. 

1 ... 


in metres. 

... 29-4 .. 


Q per sec. in 
cubic metres. 

.... Of) 'O 


2 ... 


... 29-4 .. 


.... oD 


3 ... 


.. 30-4 .. 


. .. 34-2 


4 ... 


... :^2 


.... 32-7 


5 ..-. 


... 31-35 .. 


.... 27-6 


6 . 


... 34-1 .. 


.... 23-4 


7 ... 


... 34-2 .. 


.. . 16-5 


8 .. 


... 32-8 .. 


.... 7-8 


9 ... 


... 29-2 .. 


.... 1-3 


10 ... 


... 34-4 .. 


.... 18-5 





H 


Actual. 

63 . 


Calculated 
from the above 
equation. 

62-5 


65 . 


64-2 


74 . 


71 


88 . 


89 


92 . 


92-5 


113 . 


113-5 


110 . 


108 


84 


. ... 83-4 


44 . 


47 


113 . 


112 



The last two columns show how very closely the fan obeys 
the law. 

The next table gives a comparison of the manometric 
efficiency obtained by experiment and that from 

^ - -is^ ^ - -^^-^^ 0^ - ^-^^ - 0, 

which is equation (39) for fan No. VIII. of Mr. Bryan 
Donkin's experiments, and fans VI., X., and XL have been 
treated in a similar manner. 
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Actual Calculated 



Equivalent orifice 
in square feet. 




manometric efficiency. 
Per cent. 

590 


manometric efficiency. 
Per cent. 

590 


01 .... 


52-5 


54-5 


0-2 ... 


430 


43-5 


0*3 ... 


32-0 


331 


0-4 ..., 


24-0 


24-7 


0-5 .... 


19-0 


.... 18-6 


0-8 ... 


9-5 


9-0 


1-0 ... 


6-6 


61 


I *0 • . . ■ 


30 


2-87 


Fan No. VI. 

Equivalent orifice 
in square feet. 




Mr. Bryan Donkin 

Calculated, 
manometric efficiency. 
Per cent. 

60-0 


's Experiments. 

Actual 
manometric efficiency. 
Per cent. 

60-0 


0-1 .... 


57-5 


58-0 


0*2 .... 


^4.-} 


54-0 


0-3 .... 


50-0 


500 


0-4 .... 


40-4 


430 


0-5 .... 


36-25 


36-25 


0-8 .... 


20-7 


22-0 


1-0 .... 


14-25 


15-0 



The equation to the above fan is — 

1 

-+ -192 r— - 5-85 0- - 1-666 = 0. 

Fan No. X. Mr, Bryan Donkin's Experiments. 






Equivalent orifice 
in square feet. 




Calculated 

manometric efficiency. 

Per cent. 

57-0 


Actual 
manometric efficiency. 
Per cent. 

570 


0-1 


6V0 


60-0 


0-2 


59-8 


59-8 


0-3 


• ••■>•• 9j L \J . . ■ ... 


52-0 


0-4 


41-6 


41-6 


0-5 


,33-0 


33-0 


0-8 


17-7 


17-85 


1-0 ..... 


12-1 


16-0 


1-5 


6-34 


7-5 
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The equation to the above fan is — 

1 

- + 2-43 / - 13-55 0'- - 1-755 = 0. 

Fan No. XI. Mr. Bryan Donkin's Experiments. 



Equivalent orifice 
in square feet. 




Oalculated 
manometric efficiency. 
Per cent. 

28-5 


Actual 
manometric efficiency 
Per cent. 

28-5 


1* .... 


3:i-8 


26-0 


0-24 .... 


19-0 


19-0 


0-3 .. . 


14-5 


15-5 


0-4 .... 


9-47 


10-5 


0-5 .... 


6-5 


6-5 


0-8 .... 


2-78 


2-8 


10 .... 


1-8 


20 


1-5 .... 


08 


10 



The equation to the above fan is — 

— + 10-05 2- - 126-4 0'-' - 3-51 = 0. 

/^ ^/7^ 

Fan No. 1, in the same paper, has an equation 

ci« + -0649 CiQ - 4440 /i - -00196 Q'' = 0, 

where c^ is the peripheral velocity in feet per second, and Q is 
the number of cubic feet ot air per minute, h being the 
static water gauge. This, however, is not sd good a proof of 
(22) as the preceding, as ^^^1Q a«^Q^j^wQfQr gongoa wpj^ often 

in Mr. Donkin's experiments'Hower than they should have 
been owing to induction, and a vacuum-waa. often shown 
where there was undoubtedly pressure, for how could the a ir 
fl owing in a pipe ^f ^ipifnrm t^o^finn pass through Da&e 
plates, anTl yet with unchanged velocity reach a space of 
greater pressure, a manifest contradiction of the law of the 
conservation of energy. The reason for the apparent 
vacuum • was that induction took place, as explained in 
Messrs. Heenan and Gilbert's paper, and w^hich they avoided 
by using the tip in fig. 38. We believe that owing to this 
induction the water gauge is too great in many fan experi- 

* Tbe femallest equivalent orifice at which a test was made, except zero orifice, 
was '24 square feet. 
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ments. The following table gives the static water gauges 
for fan No. 1, obtained by experiment, and also the values of 
h calculated from the above equation. 



Actual static water gauge : — 
J vac. \ vac. J vac. 

A :- 

•61 vac. § vac. '1745 pres. 109 pros. 2'52 

Difference : — 

-•14 --2296 +-035 +'02 



Upres. 2i 3i 5i h\ b\ Z\l 



3-94 56 5-81 5-07 3-87 



-•065 -0 -006 +-18 -•058 



ri^ 



Table of Manometric Efficiencies of the Parkend 



Volume in cubic feet per 
minute per square inch 
of diametrical section, 


Mine Fan. 

Manometric 
efficiency. 

•604 


Tip speed in 
feet ptr minute 


-r- \J water gauge. 

Zero 


9000 


Zero 


•602 


5000 


Zero 


•600 


8000 


Zero 


•603 


6000 


•91 


, . . . "6 nearl v • • . 


8000 


r48 


•603 ...... 


6000 


2-76 


•587 


8000 


3-68 


•594 


9000 


4-51 


•563 


5000 


5-06 


•559 


6000 


5-68 


•562 


8000 


5-89 


•565 


9000 


5-91 


•554 


9000 


7-34 


•483 


5000 


7-62 


•495 


9000 


8-48 


•447 


6000 


10-39 


•375 


8000 


12 


•322 


5000 


12-10 


•3-27 


9000 


15-5 


•237 


9000 


16-0 


•224 


6000 


23-5 


•125 


8000 


26-8 


•100 


8000 


27-2 


•099 


9000 



The Parkend Mine fan, tested by Messrs. Heenan and 
Gilbert, has manometric efficiencies that do not vary so long 
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as the orifice remains constant. The preceding table contains 
four experiments at a tip speed of 5,000 ft. per minute, five 
at 6,000, seven at 8,000, and eight at 9,000. The first 
column is proportional to the equivalent orifice ; the mano- 
metric efficiency has been calculated from the equation 

,, _ 10000 g.h. 

iiT"7^' 

Although this is not direct support of (22), it shows that, 

Q ^\ 

for a fixed value of — , ^^f > / —r^ ^^ constant, and therefore 

V(/ H Vy H 

~ is constant 

Q 

We now come to a formula that is much harder to prove, 
viz., that the air efficiency 

^; = - . 

The difficulty is due to the exaggeration of the discharge 
and possibly also of the water gauge. It is also in many 
cases difficult to determine </>, and therefore w^^ and in many 
cases </) is a variable quantity. In Mr. Donkin's paper, 
however, where the discharge may be relied on, there are 
two fans in which the agreement is almost perfect except at 
v ejry smal l orifir,PH« ^here the formula does not hold good, 
o wing to ^^fl ^'^("^ ^>^«> loaa ea of eTif>r<yy which w^e nao^lect in 
tH^ above formula hennme of conseq uence. At these small 
orifices the friction between the wheel disc and the air, 
which varies at c.^, nnd the work due to it as q*, or the 
friction of the air against the fan casing during its passage 
through the wheel, which is a quantity of the second degree 
4n Ci and Q — i.e., it may be expressed by the formula 

c^ + m Ci Q 4- w Q', 

become of importance. This will be clear to the reader 
when we point out that when Q is zero 

^ — - -^ ^ = M = i on the average, 
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but as the eflficiency is zero at zero orifice, rj must differ 
considerably from it. 

Fan No. 1 in Mr. Donkin's experiments is a Rateau fan, 
and ten experiments with this are given in Table If. There 
are twenty wrought-iron vanes which are inclined forwards at 
45 deg. to the tangent to the outer circumference. Also 
from Table I. 

«.= ^ =^,. 

Where Q = cubic feet per second, 

U\ = Ci — Wi, cot <^ = Cj + «!, 

as </) = 135 deg., if we assume that the angle of discharge 
coincides with the vane angle, and that there is no coefficient 
of contrac tion at discharge from the wheel, both of which 
are extremely probable as there are twenty vanes (a large 
number for a diameter of 19*6 in.), and the vanes are so 
designed that imiform outflow probably takes place. It has 
been proved by experiment that the inflow to the fan is 
uniform. Then 

gU ^ 32-2 X 10000 h 

Ci Wi 144 Ci (cj + Wi) 

where h is the dynamic water gauge. As an example in 
experiment 6, 

Q = 2700, Ci = 110-8, 
V, = 67-2, tv^ = 178, 

h = 4-75; .-. ^— = -54, 

Ci Wi 

as compared with '699 in the experiment. 

The following table gives the experimental efficiencies and 
the corresponding values of rj : — 

59-4 50-9 60-6 49-{» 

59-8 54 57-75 62-5 50 
-•1 6-9 2-85 -12-6 -50 



Experimental ) 
efficiency ) 


12 


17-1 


21-3 


33-9 


47 


Calculated ^ 
air efficiency ) 


12 


16-25 


20-85 


31-7 


44 


Air efficiency ) 
difference .. f 





1'75 


•15 


•2 


3 
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80 that the agreement is very close except in the last two 
cases, which is to be expected for the reasons already given. 
Fan No. 3 had plane radial vanes, so that the outflow 
must have been radial, and whether uniform or no is of no 
consequence, because Ci = tc'i- It will be clear to the reader 
that the outflow must have been radial, because we are 
justified in supposing the wheel fixed and a centrifugal 
accelerative force acting on each particle. It must not be 
imagined that all fans whose vanes have radial tips have 
radial outflow. Thus blade No. 4, fig. 17, probably causes 
a backward relative outflow, owing to the fact that the 
vanes at first curve backwards from the inner radius. In 
fan No. 3 we should therefore expect that the manometric 
efficiency and air efficiency would be the same, except at 
small orifices, and this we find is the case. By measurement 
from figs. 44 and 45, we have — 

Equivalent orifice -2 '4 -6 -8 1*0 1-2 1*4 1-6 

Manometric efficiency 67-5 61-5 55*0 46 38-0 32-5 27-5 24*5 

Air efficiency 57*5 63 67-5 47-5 40*0 33-5 30 26*0 

Except in the first case, the difference is never more than 
2 J per cent. 

In all experiments with the Rateau fan, in which the 
anemometer was used, we find 7; smaller than it should be, 
and most markedly so in those experiments by the Belgian 
Commission, in which the efficiencies were unusually high. 
In all these experiments we can calculate 1/ thus — 

(7 H Jf/ H v/ M __ JW 



C\Wj^ C'l + III 1 ^ 



M 



, , , /-— - where 0, is the reduced orifice 
1 + Oi ^M 

Q 
From Table XIL we get th^ following results — 

Xo. of experiment 1 2 3 4 5 6 7 8 10 

T? per cent 32-3 33*85 37*4 41-7 48-5 56*4 02*7 607 61-2 

Mechanical^efficiency I 33 g^ ^3 ^^3 53. ,.q g^ ^3 



59 
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From Table XIV.— 

No. of experimeut 1 5 (i 7 S J» 

t; per cent 57 47 32*3 54 52*2 51-tJ 

Mechanical efficiency per ) .« ^« „r k- «:•? ko 

cent .....\ ^^ ^^ ^'' ^' ^^ ^^ 

From Table VIII. , taking the third experimeut with 
each fan — 

No. of fan 1 2 8 4 

17 per cent 29-8 44'4 54-5 50-5 

Mechanical efficiency per cent.. 48'3 82*6 47'0 77*5 

In all the above except 7, 8, 10 of X 1 1., 1 of XIV., and 3 
VIIL, the values of r/ are less than the mechanical efficiencies, 
although these include engine friction. If we multiply r; 
by ^, which is the highest engine mechanical efficiency we 
are justified in assuming, all except 3 of VIIL, and 8 of XII ., 
which is at a very small reduced orifice, are below the values 
in the third lines, and the greatest discrepancies are those 
in VIIL, where the experimenters acknowledge that their 
discharges are too high. It is reasonable to suppose that 
the discrepancies are therefore mainly due to exaggerated 
discharge, because in this case it would reduce t], for by an 
increase of Wi we increase Wi, In the following table we 
have supposed the actual discharge in Table XII. to be x^^^s 
of that given by the anemometer, so that »; is increased and 
the mechanical efficiency reduced. We get the following 
results : — 

No. of experiment. 1'2 3 4 5 6 7 8 10 

7/ per cent 34-2 35-8 39-5 44-1 50*9 58 9 59-0 62 63-5 

Mech.effic. percent 29*7 38-3 38-6 41-4 47-6 54-0 54*9 38-7 53*1 

Mcchan'l efficiency 

-87 -93 -97 -94 -935 '916 -93 '625 '635 

V 

Now, except at small orifices such as 8 and 9, which is 
omitted, as it is practically zero, 
Efficiency of fan = r] very nearly 

_ efficiency of engine and fan 
efficiency of engine 
Hence efficiency of engine 

_ efficiency of engine and fan 
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and should be about '85 to '90. . We infer from the above 
that the exaggeration of the discharge is greater than what 
we have assumed, viz., the ratio -g^-, but not very much, and 
this agrees fairly well with the results of the Prussian 
Commission if we allow for the additional exaggeration due 
to the variable velocity of the air which is always found in 
mines. 



CHAP PER XIII. 

Let us next consider Messrs. Heenan and Gilbert's experi- 
ment with a fan 17 in. diameter and 8 in. wide. The 
efficiency here given is the ratio of the useful work done by 
the fan to the w^ork done on a shaft which drives the fan by 
a belt, so that it should not be much less than the efficiency 
of the fan alone, or rf at orifices of moderate size, if we can 
assume the truth of the statement that the work done per 
pound by the wheel is Ci w^ -r g. In fig. 18 we have the 
results of experiments with a blade terminating at 35 deg. to 
the circumference, so that if the angle of relative outflow 
were the same as the vane angle w^e should have <^ = 35 
deg. Consider the experiment in which the discharge w^as 
2,000 cubic feet per minute, and the tip speed 12,000 ft. per 
minute. The total water gauge is 9*6 in., so. that we have 

12000 ^^^ ^ 2000 , Q 

ci = -^f^ = 200, Q = -—- , and u^ = ^ 

dO oO 2 tt r^ 6i 

2000 X 144 n ^^f. 

= 1 1 -22 ft. per sec. 



60 X TT X 17 X 8 
7y = -635 from the diagram of total efficiency, and 

H = 9-6x:^^2?2ft. 

134 

_ ^H _ 32-2 X 96000 _ ^^q 
' Ci Tj 200 X 144 X -635 

cot </> = ^' " ^^ = -^L = 2-76, </> = 19° 55\ 
^ u, 11-22 
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Now, with a vane of this type the relative angle of outflow 
cannot be less than the angle of vane, although if there were 
double curvature, as with Wade No. 4, this might very well 
be the case. Hence we may reasonably assume here that 
<l>. should be greater, rj consequently less, and Wi more ; so 
that cot </> is less. If we even assume such a small coeffi- 
cient of contraction as '8, so that 

Wi = —^Q-^ , and cot </> = 2*2, 

<^ = 24" 26', which is still too small. 

We may here mention that in radial-flow turbines it is 
customary to assume a coefficient of contraction, and the 
value of '9 gives the best agreement between theory and 
practice. The obvious deduction is that the discharge is 
exaggerated, and it is stated by Prof. Rateau in the dis- 
cussion on this paper that as the delivery of the air had 
been measured iu a section presenting an abrupt contraction 
of the tube, and as the contraction of the filaments of air 
caused an irregularity in the record of the anemometer, that 
there would be an exaggeration in addition to that found by 
the Prussian Commission, where the flow of air was uniform. 
He was led to that conclusion by the results of many experi- 
ments he had conducted on fans. 

If we consider the discharge of 3,500 cubic feet per 
minute 

O - ^00 ^ - 3500 X 144 _ 

Ci = 200, as before, and i; = "7 dynamic or total efficiency, 

IT 7^ ^ 10000 -. -32-2 X 76000 .^i 

H = 7*6 X . ft, w?, = — = 121, 

144 ' ' 200 X 144 X -7 ' 

, , 200-121 79 . ^1 J.- ^A A 

cot </) = - - ,. ^ = — -— = 4-01, <^ .= 14deg., 

19*7 19*7 ° 

and even if we suppose a coeffici«ntof contraction of '8, 

</> = 17deg. 18min. 

13CF 
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Fig. 20 shows similar curves for blade No. 4, fig. 17, 
which has double curvature, and terminates radially at the 
outer circumference, so that if the angle of flow was the 
same as the angle of vanes, <^ would be 90 deg. The 
dynamic efficiency, when the flow is 2,500 cubic feet per 
minute, is 83 per cent, and the dynamic gauge is 12*8 in., 

2500 X 144 ,..^. 

' 60 X TT X 17 X 8 ' 

„ __ 128000 r^^r. ^^ __ 32-2 X 890 ^ .^^ 

^ - TiT = ^^^' ""' - 200 X -83 - ^^^' 

. , 200 - 172 28 ,.Qo 

cot i> = — — = iT^ = 1 93, 

14*5 14*5 

<^ = 27 deg. 23 min., 

which we consider extremely improbable, as there are six 
vanes. In our opinion the discharge is very much exagger- 
ated. The manometric efficiency in this case is 

Tjr gR 32-2 X 890 ^. ^ 
^-=V^ 200^-200= ^^'^P^^^^^^' 

which is probably very much nearer the true value of the 
mechanical efficiency. At the same discharge the com- 
pression or static gauge is 11 in., and this gives 

32-2 X 110000 ,.. . 

Wi = -— = 175*5 

' 200 X 144 X -7 

since the mechanical efficiency is 70 per cent ; 

n^f ^ 200 - 175-5 24-5 , .^ 

cot <^ = — — = ^ - = 1-69, 

14*5 145 

<^ = 30 deg. 36 min., 

while the manometric efficiency is 

M = 32-2 X 110000 _ .615 
200' X 144 " ^^^- 
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The discharge of 4,000 cubic feet per minute gives the 
following results: u^ = 22*5, w^ = 152, cot <^ = 2*13, 
^ = 28 deg., the dynamic efficiency being '85 and the 
dynamic water gauge 11*6 in., while the manometric 
efficiency is 64*7 per cent. We do not think that the 
mechanical efficiency is as low as the manometric efficiency, 
because it is quite possible that <^ may be less than 90 deg., 
and we believe that it is. In support of this statement we 
mention some experiments with a Farcot centrifugal pump 
at Khatatbeh, Egypt,* which were made with very great 
care, and are probably accurate. In these the mechanical 
efficiency of engine and pumps was 65 per cent, correspond- 
ing to a probable efficiency of pump alone of between 72*2 
and 76*5 per cent, while the manometric efficiency was 
65*9 per cent. 

We shall now discuss the experiment wath the Seghill 
Colliery open-running fan. Before doing so we may state 
that we believe the efficiency is exaggerated. Not knowing 
the section of the fan drilt, we cannot find the correct 
reduction of the water gauge due to the velocity of the air 
therein; but, neglecting this, let us consider the total 
energy of air rejected from the outer circumference of the 
fan. In the second average of experiments 

2ri = 35-08 ft., b^ = 1-292, 

and the cubic feet of air per second 

Q = ^~^ll^- = 2265 cubic feet, 
60 

"• = TT X 3b^^\ la^-l ' °«gl«°t'°g contraction, 

which is favouring the fan, because it reduces the rejected 
energy ; 

(7.H 

Wi = • , 



Annales des Poutes et Ghausdes, 1888. 
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and Wi will be least if we give r) its largest possible value. 
Assume that the mechauical efficiency of the engine was 
only 85 per cent, and we get 

32 X 24600 X 85 ^^ 
' 144 X 111 X 54-78 

and assuming the density of the air as '0761, the energy 
rejected at outflow in H.P. is 

«i' + W r, -0761 77= + 15-9^ 2265 x 0761 on o 

-^-Pi X Q X ■ ^- = — . — X — — . == 30*2. 

2g ^550 64 550 

Adding this to 52*65 useful H.P. we account for 82*85 H.P- 
of the 96*114 LH.P., giving a total dynamic efficiency of 
*862 after having assumed that the efficiency of the eDgiue 
alone is *85, which is of course impossible. Treating experi- 
ment 18 in the same way we get Wi== 29, Ci= 110, w^ = 67*5, 
and H.P. rejected = 49*2, so that the dynamic efficiency is 

83-47 4- 49-2 ^^. 

Next let us suppose that the engine efficiency is higher, 
say 90 per cent ; in the first of the above two cases Wj = 81 *5, 
and the H.P. rejected 

_ (81*5)' + (15-9)« 2265 x -0761 _ .0.7 
64 ^ "550 ^^ ^' 

so that t^ie dynamic efficiency of engine and fan is 

52*65 + 33-7 



96-11 



= '90, very nearly, 



allowing next to nothing for the losses by friction in the fan. 
In experiment 18 we should have Wj = 71*4, and the H.P. 
rejected is 

^ (71-4). + (29)' ^ ^520 ^ .07^1 ^ 5, 

64 33000 ' 
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SO that the dynamic efficiency is 

83 47 + 54-3 



153-67 



= -895. 



These experiments are therefore conchisive proofs of the 
exaggeration of either water gauge or anemometer. They 
are also an illustration of the absurdity of estimating the 
excellence of a fan by its dynamic efficiency. 

Consider next the experiments with the Waddle fan, 
section 25. In the first place we do not believe that the 
expanding rim has the desired effect. Foreign engineers 
seem to consider an angle of inclination of 7 deg. to be 
sufficient for the sides of a difFuser, and we do not think 
that air travelling at such a high velocity could accommodate 
itself to such a rapid curve, but in what follows we shall 
suppose that it does, and that 

Q 231306 i-.or^ 

Wo = -^: = = lo 2 ft. per sec 

' 2 TT rg. bs 60 X TT X 36J X 2 23 ^ 

radial component of velocity of flow from the diflfuser in 
experiment 4 ; 

w^ = tangential component = w^ -^ 

^ g.R.r, ^ 3^ x 26710 x 35 ^ ^^.2 

Ci.T^.rs 109-2 X 144 x -792 x 36J 

assuming a mechanical efficiency of 85 per cent for the 
engine alone ; H.P. rejected in the form of kinetic energy 

^ V + ^8^ ^ Q X -0 761 ^ 28-6 
2 g 550 

Adding to this useful H.P. 97*33 we find the dynamic 
efficiency is 

38-6 + 97-33 q. , ^ . 
= 94-1 per cent, 

144-5 ^ . ' 
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which iS) of course, impossible. If we assume that the 
mechanical efl&ciency of the engine alone is 90 per cent, the 
dynamic efficiency becomes 

42-9 + 97-33 ^^ . 
— — ^ = 97 per cent. . 

144-5 ^ 

The only conclusion is that the anemometer very greatly 
exaggerates the discharge of air. 



CHAPTER XIV. 

Higli-pressure Fans, — The following is a summary of a 
paper by Prof. A. Rateau, published in the "Bulletin de la 
Societe de I'lndustrie Minerale '^ : — 

Hitherto fans have not been required to give a water 
gaujie of more than 24 in., while it is only lately that 
centrifugal pumps have been used for heads over 50 ft. By 
means of steam turbines and a single pump a head of nearly 
1,000 ft. has been obtained, while wnth several wheels 
placed in series electro-motors can be used. TheFe turbines, 
pumps, and fans are the design of Prof. Rateau, and are 
constructed by Messrs. Sautter- Harle, of Paris. 

In the theory of centrifugal pumps and fans there are 
four quantities of importance. The mechanical efficiency 

DQH 

P = 



T 

The volumetric efficiency 



»i 



The manometric efficiency 

The coefficient of power transmitted to the shaft of the 
pump 

o T,„ M V 



T = 



c,^ r{' " p 



HIGH-FRESSURB FAKS. 



1«S 



The above are numbers independent of all units. In the 
formulae Q is the volume in cubic feet or cubic metres per 
second, H is the head in metres or feet, D is the weight in 
pounds or kilogrammes of 1 cubic foot or metre af the 
fluid pumped, r^ is the external radius of the wheel, T,» is 
the work don^ per second in foot-pounds or kilogrammetres, 
and Ci is the velocity of the wheel at the outer radius. 
Prof, Rateau used 8 as abscissae instead of orifices 

and draws three curves of M, p, and t, as in figs. 86 and 87, 
the former being those of a centrifugal pump, while the 
latter is that of a Rateau fan. For a given pump at a fixed 
number of revolutions per minute, the curves t and M are 
those of Tm and H to suitable scales. 
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Fio. 86. 

Figs. 88, 89, 90 show a centrifugal fan driven by a steam 
turbine and intended to produce a considerable pressure. 
The fan is made of steel of very good quality, capable of 
running at a peripheral velocity of over 800 ft. per second ; 
it turns in a cast-iron casing having two openings for suction 
and forming a diflFuser and volute. The turbine, which is a 
steam Pelton wheel, is 11 '8 in. in diameter, while the fan 
is 10 in. ; the method of raising the oil from a lower to a 
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higher reservoir is shown in fig. 91, in which the pipe A is 
connected to the lower reservoir and B to the higher. The 
small tube m brings a small amount of air from the fan, 
which, mixing in small bubbles with the column of oil B, 
lowers its specific gravity to an extent sufficient to enable 
the column A to raise it to the higher reservoir. The dis- 
charge or pressure of the fan can be controlled by a 
pneiunatic governor. It consists of a cylinder D, fig. 88, 
contaiuing a piston, the details of which are sho^n in I, 
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Fia. 87. 



1. 1 12 1.3 1.4 1.5 



fig. 93. The rod of this piston is connected by a short rod 
to the point c of the lever ah c^ which oscillates about the 
point 6, and is connected to the rod of the throttle valve 
at a. The cylinder D has its two ends connected by the 
pipes «, /, figs. 88 and 89, with a straight tube e and a Pitot 
tube /, both placed in the discharge pipe of the fan ; see 
also H and G, fig. 93 Thus the difference of the pressures 
on the two sides of the piston D is proportional to the 
square of the velocity of discharge, and exerts an upward 
pressure which is balanced by the weight of the piston, 
assisted by an additional weight if necessary and a spring r, 
fi^. 88, whose tension increases with the rise of the piston and 
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Fio. 88. 




Fig. 89. 
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gives stability. If a constant prosaure inateud of volume is 
required, the ufper part of the cylinder ia connected to the 
atmosphere and the lower ia left as above. To avoid piston 
friction a cnout-chouc diaphragm ia sometimes uaed. The 
eiperimenta were made at Messrs, Sautter- Harle'a Paris 



works, and the meaaurements by M. Rateau and M. 
Chateltun. The discharge was measnred by means of a 
convergent discharge pipe, two of whose facea were fiied 
and parallel, while the other two were movable, like a duck's 
beak. At its larger end this was fixed to the discharge pipe 
of the fan, and it waa thua possible to vary the dischai^; 



HIOH-PREBBUKE FANS. 187 

a mercury mtinomet«r waa used to meaaure the pressure in 
thia convergent mouthpiece, and the discharge could be 
calculated from-this. The apeed waa changed from 8,000 to 
20,200 revolutions per minute. The peripheml speed of the 
fun nearly reached 870 ft. per second, while the discharge 
pressure amounted to 16 75 in. of mercury, or 228 of wat^r — 
more than half an atmoaphere. The revolutions were 
measured by a counter driven by worm gear, which reduced 
the speed one-thirtieth. One, two, or three of the 
steam turbine nozzles were opened to give the power 
required by the fan, and the steam pressure P in the steam 



chest was noted, as by thia means the power of the turbine 
could bo deduced from previous experiments, ao that the 
total efhciency of engine and fan waa thus obtained. 

By formulae* obtained by M. Ratean the consumption of 
steam, and consequently the power theoretically available, 
could be cilculated. The governor was not used during 
these experiments, so that the pressure iu the steam cheat 
was not affected by it. The discharge Q, the uaeful power 
Tu, the theoretical power of the ateam T„ and the coefficients 
M, p, and V were calculated in the following manner : The 
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discharge Q, in cubic feet per second, estimated at atmo- 
spheric pressure, is equal to the product of S, the section of 
the convergent discharge pipe in square feet, and the velocity 
of flow V in feet per second. Hirn's experiments prove that 
the coefficient of discharge of a convergent pipe does not 
differ more than 1 or 2 per cent from unity. M. Rateau 
proves in his paper that without serious error 

v^ _ A p 

where A p is the difference of pressure per square foot between 
suction and discharge, and D is the mean density of the air. 
Of course, the same formula would hold good with the metre 
as the unit of length. The figures in the seventh column 
of the following table are obtained in this manner. The sixth 
column gives H in feet of water, and in the calculation of D 
the temperature must be assumed to be 38 deg. Cen. The 
reduction of volume during compression must be taken into 
account in calculating the useful power T„. To obtain the 
figures in the tenth column the variation of pressure per 
square foot must be multiplied by the volume in cubic feet 
at the mean pressure, or 

?1? 

^ 62'S + 0-5 H' 

The work theoretically obtainable from the steam Tj is 
calculated as follows : The discharge of steam is obtained 
from the formula — 

I = 5 P (15-20 - 0-96 logP), 

where « is the total section of the nozzles in square centi- 
metres, and P is the pressure in kilogrammes per square 
centimetre, while I is the quantity of steam discharged per 
second in grammes ; if this is multiplied by 3 6, it gives 
kilogrammes per hour. If K is the number of kilogrammes 
per horse power hour, when the steam chest pressure is P 
and the exhaust />, in this case the atmospheric pressure, 
then 

IT n «P^ 6-90 - 0-92 lo^ P 
K = 0-85 + — ^ " . 

logP - \ogp 
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Then the theoretical horse power obtainable from the 
steam is 

The mechanical efficiency 

T 

and is given in the last column of the table on page 189. 
As the density of the air varies at different speeds, owing to 
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the great compression, the mauometric efficiency is not 
constant for a given opening of the convergent discharge 
pipe. In its place in the eighth column we give 

108 H 



K' 



where N is the number of revolutions per minute ; it lies 
between 1'18 and 1*42 w^h'eu H is in metres. It is, however, 
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not a constant fiT a given opening of the discharge pipe, but 
iuoreases witVi N. Although the fan is only lOin. diameter 




it develops a mftiimnm of 45'55 horae power, and a 
pressure of 19 ft. of water. Fig. 92 gives 
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characteristio curves, a separate characteristic being given 
for each speed as the efficiency of the turbioe increases with 
the speed. The ordinates are values of p^ while the abscissae 
are values of Y. It must he remembered that the efficiency is 
the ratio of the useful work done hy the fan to the ideal amount 
obtainable from the steam in the Eankine or Clausius cycle. 
At normal speed the efficiency passes 28 per cent, showing 
that the fan alone has an efficiency of 56 per cent, as that 
of the turbine is about 50 per cent, according to experiments 
previously made. 

High-pressure fans driven by steam turbines can be used 
for cupolas, blast furnaces, and Bessemer couverters, and 
wherever a water gauge of more than 36 in. is required. 
They can even be employed to compress air to 70 lb. per 
square inch or over. A single wheel can increase the 
pressure in the ratio of 1 '5 to 1, so that two wheels working in 
series would give a pressure of 2*25, a third 3 '4, and a fourth 
5 atmospheres. Their mechanical efficiency is slightly 
inferior to that of ordinary piston compressors, but superior 
to Roots' blowing machines, whose efficiencies are not more 
than 35 to 40 per cent. For the supply of air to a blast 
furnace whose capacity is 160 tons of cast iron per day, and 
requiring 19,200 cubic feet of air per minute at atmospheric 
pressure, and compressed to half an atmosphere, the fan 
would be 2 ft. 7^ in. diameter, would run at 6^000 revolu- 
tions per minute, and the steam turbine would be about the 
same size. The efficiency of the turbine fan for this high 
power — 500 useful horse power — would reach 10 per cent, 
corresponding to a steam consumption of 49*8 lb. of steam 
per useful horse power hour if the turbine worked with 
condensation. 
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CHAPTER XV. 

29. I'he Theory of Propeller Ventilating Fans* — The 
simplest form of fan is the propeller ; it requires neither 
diffuser nor volute, although frequently provided with a 
chimney ; and although sometimes used for ventilating mines, 
its real place is in buildings where a large volume of air is 
required at a very low pressure — t.e., when volumetric 
efficiency becomes fixr more important than manometric or 
mechanical. Its complete theory, however, is extremely 
complicated, mainly because each particle of air does not 
keep to a cylinder concentric with the axis of the fan. In 
the following approximate theory we shall suppose that it does 
S3, and that the axial component of inflow is the same as 
that of outflow. In fig. 94 is shown the section of a blade, 
A B ; the axis G H ; 6> is the relative angle of inflow, and <t> 




hH 



c 

Fia. 94. 



£.1 



that of outflow, if we assume that the angle of flow coincides 
with the angle of vane. Let u be the axial component of 
the velocities of inflow and outflow, c the peripheral velocity 
at a radius r, c^ that at the extreme radius ri, w the component 
of the absolute velocity of the air at outflow at radius r, 

14CF 
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perpendicular to both radius and axis, or, in other words, the 
velocity of the whirl. The motion of the blade is to the 
left. Then 

10 = c — u cot <^ 

c to 

— - = work done by the blade at that 

9 

radius per pound of air, and if the air enters the wheel with- 
out sudden change of direction, 

cot 6 = —, 
u 

Under any circumstances the losses of head are 



-r (c - u cot ^V" . . n 
Lj = > — ^— 'at mnow, 

2^ 



Lo = at outflow, if no expanding chimney 

if 

is used, or diffuser of any type or guide vanes which would 
gradually destroy w. If, however, a chimney is used, and 
neglecting the viscosity, if r^ is the extreme radius of the fan 
and R that of the mouth of the chimney, then, if we may 
suppose the flow at the mouth of the chimney to be uniform, 

o 

u is reduced to w-r^,, and w, since the moment of momentum 

of each particle is unchanged, to to ^, Hence Lo gives place 
to 



L.= 



R- R^ 



2y 

and there is also a loss due to friction, which is due (1) to 
the friction of the particles of the air against the outer 
cylindrical casing in which the fan works ; (2) to the friction 
between the air and the surfaces of the vanes ; (3) to the 
friction between the air and the sides of the chimney. We 
shall neglect (1), as it is relatively small ; (2) is expressed by 

L4 = — Fj u'^ cosec- (j>y 
'^9 



THEORY OF PROPELLER VENTILATING FANS.. 195 

and (3) by 

2g 2gu 

The last term on the right-hand side of the above is 
obtained as follows : Tangentially the motion of the air in 
the chimney is w ; hence the force of friction tangentially 
is proportional to w^, and as the motion is w, the total work 
wasted is proportional to iv\ and may be represented by 

^'/'' 

which is independent of the quantity passing through the 
fan ; hence the loss of energy per pound, or the loss of head, 
is represented by 

because u is proportional to the weight passing through 
the fan. 

Let us now suppose that the axial velocity is the same 
at any radius ; then 

and the total loss of head at inflow is 

r (c - U cot ^y- o J 

/ j^ — '- z 77 ruar 

u IT \r-' - r^) 

where r^ is the internal radius. It must be remembered that 
^ is a function of r, and not necessarily a constant. The 
loss of head at outflow is 

f (r, - u cot <^)^ f, 7 

^ u IT {vi - r./) 2 g 



v* 
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where </> is a function of r, aud c = r w where co is the 
angular velocity in radians. If there is a chimney, the loss 
of head at outflow becomes 

f (c - u cot <bY r^ o ^ 

, Jr, 2^.</ H* . u'r,' 

' u IT (ri^ - rj") 2 ^ R* * 

The total loss of head by friction in the fan becomes 



J —-— Vi u^ cosec'^ <h ^irrudr 



'4 **" 



''l 



^ ^ J 2irr cosec' d^dr 
^Fjw' i 

and the total loss of head in the chimney is 






~' , >•,. a -7 



2 ^r « n- (ri' - r,') 

Let ua first suppose that the blade of the fan is a plane 
surface, and that 6 = <l> constant'. Then l^ becomes 

, 1 fw' (rj' + r/) , J . , , 4 (n* - n*) ^ , 1 

/, = 27L 2 w'cot'./. - *1^^- ;-'«a)C0t^J 

To simplify this, put ?-2 = 0. 

/l = - — [_ ^;^ ■♦■ W-COt-</) - 1^ Ti W W cot </) I . 
= -^ L 9 "*" ^^' ^°^^ ^ - ^ <^l " cot <^ J 



J 
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The loss at outflow, if no chimney is used, is 

/« = — ( J- + «*' cot' <f> — 4 Ci w cot <if) I + - • 
but if a chimney is used, it b:)coiiies 

^ = if^ ^2 ^ «' <"'*' <^ - ^ <'. « cot>) + "I'-L, 
The work done by the fan, per pound, is 



r. 



f c{c - u cot <t>) ^ 
J 2 TT u r a r 

r, </ 

(2 "v 

/ (r^ w^ - w / ^ to cot <^) CI? r 



2 ^ 



•) o 



5^ n' - T^- 

2 /ri' w- w (0 r, . t\ 
= -g\T - ~^^^^) 

i C,- - \ C^U cot </) 1 • , . 

= ^ — ^—^ ne(?lectin<? r», 

g - » - 

Hence, if there is no chimney, we have 

2 ^ H - Ci - ^CiUcot<t> - {ci + 2 u- cot" </> - ^c^u cot <^) 

— «t^ — Fi w" cosec^ — Fg ir 

- a term we shall neglect. 

We neglect the second part of l^^ as it is probably of very 
little importance, and the equation becomes, 

2^ H = I ci w cot - w- (1 + 2 cot^ + Fi cosec- + Fj) 

As this type of fan usually discharges against very little 
pressure, let us first suppose H = 0, and find suitable values 
of Fj, Fo from experiments made by Mr. Walker with a 
propeller fan whose blades were plane, and set at various 
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angl« s.* When the blades were set at 40 deg. to a plane 
perpendicular to the axis, the volumetric efficiency was 69*7, 
and when at 25 deg. it was 53 8 per cent Substituting 
these values in the above equation — i.e., putting 

H = 0, = 40, A = 'Lll' =..'''' = -697 

and - 25, — '^ = -538, we get 

Fi = -99, and F., = '95, 

and the equation becomes 

J c, cot = ?t (I + 2 cot- + -99 cosec- <t> + -95) 

= u (2-94 + 2-99 cot' 0). 

The following table gives a comparison of the volumetric 
efficiencies from experiment and the above equation (see 
Table III. in Mr. Walker's paper, fan No. 16;. 

15= 20' 25° 30° 85° 40" 

Calcukted vol. efficien^^^^ 35-2 44-1 53-8 607 66-4 69-7 

^''^perTnt*\ .'^''\\ .*®':^ 28-6 43-0 53-8 64-7 68-4 69-7 

It is also interesting to note that with fans 1 and 12, both 
of which have plane blades, the calculated volumetric 
efficiencies are 39 '2 and 56*9, as compared with 38*2 and 
58*9 respectively by experiment. 

Fan No. 1 7 in the same paper has rounded backs to its 
vanes, but the calculations we have made seem to indicate 
that it obeys the equation 

I Ci cot = w (1 + 2 cot- + Fi cosec^ + Fj) 
when H = 0, F^ = -4625, and Fg = 1*650; 

so that ^ Cj cot = It (3-06 + 2*46 cot'' 0). 

Calculations assuming that 6 and <p are the mean angles 
between backs and faces give Fj negative. 



* 



Proceedings of the Institution of Mechanical Engineers, 1897, " Propeller 
Ventilating Fans." 
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The following table gives the actual and calculated 
volumetric efl&ciencies : — 

<p 15' 25° 30' 45' 50° G0° 

Actual voL efl&clency per cent 41*4 60-S 63*9 76-7 75-2 40-7 

Calculated vol. efficiency per I ^^.g gg-S 6S-9 75 73-25 62'3 

cent ) 

It will be seen that the agreement is remarkably close 
except in the last case, w^here the loss of head due to the 
friction caused by the whirling motion of the air becomes 
of importance, and as w^e have neglected it, theory cannot 
be expected to agree with practice. 

The only efficiency that we can consider in this case is 
the dynamic efficiency 

c,^\ - |"cot0) 
which can be transformed to 

€ - - y 

7r-(l - I -cot 4>) 

IT 

where V is the volumetric efficiency. 

T'he results obtained from this formula differ entirely 
from those given by experiment, because the angle of flow 
does not coincide with the vane angle. The above equation 
gives us 

cot <t> = *"• 

The following table give^ the calculated values of 0, showing 
that the angle of flow relatively to the wheel differs con- 
siderably from the vane angle. 

Vaneangle 15' 30' 45= 50' 

., lOi* 18-31' 23' 23-76 

Experimental efficiency, \ q^ a-\.q 26'4 20*9 

per cent S 



o 
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This difference is all the more extraordinary because one 
would naturally expect the curved back of the vanes to have 
some effect on the direction of flow. 

In the experiments with fan No. 16, with plane blades, the 
mechanical efficiency of the fan alone is not given, but it can 
be calculated by deducting *0338 horse power from that of 
the motor, which gives the shaft or brake horse power, and 
the horse power in the air divided by this gives us the 
efficiency of the fan alone. Applying the above formula 
for the mean relative angle of outflow 0, we obtain the 
following table : — 

Angle of vane 15' 20" 25° 27' 30° 85° 40' 

Experimental efficiency 
per cent of fan alone.. 80*8 46*1 460 42*4 40*2 38*7 29*3 

. Volumetric efficieii cy 
* percent 28*6 43 63-8 580 64*7 68*4 69*7 

Cot0 8*01 6*26 4*06 8*72 3'26 2 95 2*S1 

7'-7' 10° -46' 13' -50' 15° -3' 17— 3' 18° -44' 19° -35' 

It will be seen that 4> is half the vane angle very nearly, 
and it will also be noticed that the efficiency of fan No. 
16 alone with plane blades is better than that with plane 
faces and rounded backs, No. 17, but that the volumetric 
efficiency is less, but not by any appreciable quantity f- r 
angles of 30 deg., 35 deg., and 40 deg. 

Considering next fans with curved vanes in which and 
<P are constant but unequal, we find that in the equation for 
volumetric efficiency it is best to take d as the angle of the 
face, and <t> as the mean between the angles of the face and 
back. This is probably due to the fact that the outflow is 
affected by back and front, and is produced by a gradual 
change of direction in which both back and front participate, 
but at inflow a sudden change takes place from an ax'al 
motion to a forward, and this is produced by the front of the 
blade. There are three fans in Mr. Walker's paper with 
curved blades, Nos. 9, 14, and 15; the first and third have 
curved faces and backs, while the second has a plane face, 
but a curved back. If a is the mean angle of inclination of 
a blade in the first, 

= a + 30J, 
^ = a - 20 ; 
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in the second = a + 20, 

= a; 

in the third </> = a + 31J, 

= a - 20. 



2 ^ H = Ci'' - ^ c, w cot - (^ + w» cot' ^ - 4 Ci w cot ^) 



Now, in this type of fan we have the equation 

2 

2 

- ("^ + w'cot'0 - ^Ci«cot0) - (1 + ¥^)u' 

- Fi u' cosec" 

2^ H = 1= Ci w cot ^ - «^'' (cot' + cot' + 1 + Fa 

+ Fj cosec' 0) 

When H = 0, this becomes 

^CiCOtO = M(cot'-^ + cot' 0+1 + Fa + Ficosec'0) 
and the volumetric efficiency 

uir _ 4: IT cot 

"cT "~ 3~(co"t'"6/ +~cot'^ + 1 +"P\ + Fi cosec' 0), 

but the above will not give results agreeing with practice 
for a constant value of Fi, because, the vane being curved, 
the relative velocity of the air over its surface is variable. 
Hence, for the last term in the denominator we substitute 
J Fi (cosec' + cosec' 0), and, as the following table shows, 
we obtain very good results. These three fans were tested 
with mean angles of 17 deg., 27 deg., and 40 deg., and we 
think that the results obtained with the two first angles are 
of very little use except to show that the last is better, both 
for mechanical and volumetric efficiencies, because the air at 
inflow was struck by the back of the blade ; in fact, with a 
decrease in the angle of outflow, the angle of inflow is 
decreased too rapi lly by taming round the blade. 
Calculating the volumetric efficiency from the equation 

u TT . 4 TT cot 



3 {cot- 6^ + cot-0 + 1 4- Fo + ^ Fi (cosec' 6^ + cosec' 0)}> 
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and writing F^ = '99, F._. = '95, as in the first case, 

u TT _ 4 TT cot 

Ci 3{(co8ec'-^ + cosec'- ^) x 1*495 - '05} 

which gives us the following table : — 



No. of fan. 


a 


Actual vol. 
cfflciency A. 


Calculated vol. 
eflaciency C. 


C 
A 


U 


40' 


•80 


•S02 


1 


14 


40 


•86 


•902 


1^05 


15 


40 


•867 


•80 


•P2 


17 


40^ 


•744 


•75 


1 



The mean value of is '995 ; in fau No. 17 is a + 19, 

A 

and 6 — a. 

We shall next consider the mean angle of outflow from 
Nos. 9, 14, 15, calculated from the equation 



CTO 



1 - 

cot <^ = . 



CTT^ 



4 V 

-5 



TT 



taking, of course, the actual volumetric efl&ciencies. This 
gives us the following table : — 



No. of fan 


9 
70° 15' 

25° 47' 


14 
60° 0' 
24° 15' 


15 
71° 46' * 
24° 21' 


Mean angle of vane at outflow. . 





which shows that curving both faces or the back of the blade 
increases <f> considerably. 

To use such fans as these without a chimney to produce 
pressure, and to expect a high efficiency, would be absurd. 

For plane blades, applying the equations 

2 ^ H = I Ci w cot - u^ (2-94 + 2*99 cot- 0), 

2gH. 



V = 



u 



c^ (1 - 4— cot t>) 

0\ 



THEORY OF PROPELLER VENTILATING FANS. 203 

being the angle of the vane, gives us the following table : — 

^Tfs • •' •' ■' •' '' 

^ for = 15°, per cent 9*24 IS'S 10-6 lO'S 

i; for = 30°, per cent 76 12 14-5 13-85 

,^ for = 15° 4-91 3-8 4-025 5-82 

VPH 

/-'- - for = 30° 5-36 4-44 4-32 4*50 

Vfl'H 

showing that the maximum efficiency in the one case is near 
19 '6, and in the other 14 '5, and that the efficiency decreases 
as increases. 

We shall next consider the case of the above types of 
propeller with a chimney whose outlet has a diameter three 
times that of the fan. The general equation of the fan is 
then 



2 g B. = Ci' — ^Citi cot — ( 7- + n' cot" - ^ Ci n cot 6 ) 

- -^2 V-y + «^ cot- - I Ci w cot 0j - -^ 

- w^ F2 - J Fj It' (cosec^ + cosec- d\ 

which merely states that the head produced is equal to the 
work per pound done by the w^heel, less the losses at inflow 
to the fan, outflow from the chimney, and those due to 
friction. This becomes, when simplified, 

2 <7 H = ^(1 - 'J) + c. « [loot 6 - I cot^(l - g)] 

[cot= e + g cot= + J* + F, + .^' 

(cosec'^ + cosec^ &) I 

■■ 
and when ^^r- = 3 this gives us 
R 

2 ^ H = I Ci'^ + ^ Cj w [cot - % cot 0] 

- v} [cot' 6> + ^ cot- + #T + ^'2 ^- ^ (cosec- (9 + cosec" 0)] 
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Lot US first consider the case of plane blades when H = ; 
we then get, putting F, = -95 and Fj = -99, 

i-Ci\+ ^\ c^u cot 4> 

- u- [Y cot' + -962 + -99 cosec- 0] = O 
J c,' + -148 Ci u cot - M- [2-1 cot- + 1-952] = O ; 
80 that the formula for the volumetric efl&ciency is 



ci 9 { ^:3-76 cot^ <P + 3-47 - -148 cot 0) 
which gives the following table : — 



- V, 



= 30deg. 45deg. 60deg. 90deg. 
V per cent = 77*6 109*5 133-2 149-5 

The dynamic efficiency 



€ = 



^■^(1 _ jA cot0) 

and we shall here suppose to be the vane angle. 

0=3Odeg. 45deg. 60 deg. 90deg. 
€ per cent- 142 26-3 26-8 22-8 

We should probably get in practice a very much higher 
efficiency than this, as would actually be about half the 
above values ; in the third case above, for 60 deg., supposing 
the angle of outflow actually 45 deg., we should have an 
efficiency of 41 6 per cent. 

When H is not zero, we get 

2gR = ^rf + 'US c^u cot <p - 2/3 [2-1 cot- + 1*952] = 0, 
and >/ = ■ — — 



v(i - Aiicot^) 
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The following tables give velocities and efficiencies for 
various values of 

u 







n/^H 






u 


Ct 


for <p = 80. 


for = 45. 


Cl 


\/gH 


v/i/H 
for = 15. 


for0a6O'. 


•1 


• • • • 


2-14 


2-12 


• • • • 


f -2 


2-58 


2-24 


2-17 


2^14 


•3 


3 102 


• • • • 


2-25 


2-21 


•4 


• • • • 


2-64 


• • • • 


• • ■ ■ 


•5 


4-39 


2-89 


2^52 


2-40 


u 


V 
for = 15. 


V 
for <p = 30. 


V 
for = 45. 


V 


Vi^H 


for = 60 


•1 


• • • • 


•49 


•475 


• • • • 


•2 


•492 


•502 


•485 


•471 


•3 


•435 


• • • • 


•481 


■457 


L -4 


• • • • 


•442 


• • • • 


• • • • 


' -5 


•289 


•40 


•429 


•415 



which shows that the best angle of inclination <f> of the vanes, 
if we consider volumetric efficiency as well as mechanical, is 
about 45 deg., but that this type of fan is very unsuitable, 
because of its low manometric and mechanical efficiencies, 
for producing pressure. 

We shall next consider the case of vanes in which <f> is 
constant, but 6 varies, eo as to do away with the loss of 
shock at inflow ; in this case the general equation becomes 

2<7H = cf - ^r,ucot<f> - ^ (^^^|- - w'-cot-0 - I Ci cot 0J 

- -^ - u' Fg - J Fi w" (coaec- 4> + cosec'- 6), 

taking cosec" as its value at § rj, so that 

cosec' (9=1+ cot- (9 = (^1 + ^ %\ 

and Fi, Fj the previous values of '99 and 95, the equation 
becomes 

2 r/ H = -725 ci' - M85 c, u cot 

- «' (1-952 + -600 cot- 0) = 0, 
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which gives the following 
efficiency in the following 


values of peripheral speed and air 
tables : — 


«r _, 


1' 


= 30. 


<p = 45. 

• • • • 


, ^' for 
\/ gH 


= 90. 
.... 


= l85^ 


1 


V ~ff u~ 


— 


= 60. 




•1 


1S2 


■ • « • 


.... 




•2 


2-03 


1-87 


1-70 


1-69 


1-53 




•3 


2-27 


2-01 


1^88 


1-73 


• • • • 




'.J 


2-84 


2 36 


2-12 

1 


182 


1-47 




u 


<f> = 30 . 
•692 






V for 






1 


\/ gli 


<p = 45. 

• • ■ • 


- 


(p = 60\ 

• • • • 


= 90^ 


= 135. 


1 


•1 


• ■ • • 


• • • « 




•2 


•630 


•(67 




•684 


•70 


•73 




•3 


•5j7 


•616 


•646 


•G66 


• • • • 




•') 


•417 


•496 




•529 

J 


•585 


•687 




Now 


. the volum 


etric effi( 


liftl 


ICV IS f 


or these fai 


[IS. and in 


1 



a Rateau fan we have * 

volumetric efficiency = - — = ^ "* ^ ^ 



Ci 



Ci rf 



since 



2 77 ri ^1 = ?"f» 



Hence, even if we assume for the Kateau fan a manometric 
efficiency of 90 per cent, the volumetric efficiencies for 

'^ = '^ J g ^ of the two fans are 107 and 47*6 per cent, so 
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that the propeller fan is the superior of the two in this 
respect, but, of course, much inferior in mechanical and 
manometric efficiencies. The above assumes <f> = 135deg. 
in both cases, and even if = 90 for the propeller, the 
volumetric efficiency is 86*2 per cent. No propeller fan with 
</> = 135 has yet been constructed as far as we know, and it 
is quite possible that such a fan might discharge the air in 
the wrong direction. 



CHAPTER XVI. 

30. Helical Propellers. — We shall next consider the case 
of helical blades, in which, however, the pitch at inflow is not 
the same as at outflow, but that 6 at every radius is so 
arranged that inflow takes place without shock, and there- 
fore ^1 is zero. Let P be the pitch at outflow, then 

2 71- r 

cot (f> = — - — ; 



r 
.-. cot = — cot 01 = A r ; 

ri 



L then becomes 



g R- u r* 



I - 'J -- —^ + 

^3 — / •> «v -r 



^ f r" ilr 

((0 - XiCf r^ u r^ 

yU- " n' -' r>' 2y R' 
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U = / -K— Fi tt' J (cosec^ i> + cosec- 0)2 7rrud 






F u--^ (cosec^ 4 cosec- 0) rdr 



r 



r 



.y (2 + A'r^+-4)r<Zr 

_ Fi «• r, ^ tt- / 

2 / (n» - r/) 



F 







and we shall take the loss of head in the chimney as Fo ^. 
The work done by the propeller per pound is 

/•c(c - WCOt 4>) n J 

I — ^ — 2 TT u r a r 

r, .V 



' 1 

^ /* 2 (?-^ or - r M TT A 7-) 



^2 



9 



r dr 






9 



4 
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SO that the general equation of this type of fan becomes 
H = — ((0" - w A to) (vi' + ro^) 

(o) - A iCf- / 4 , 2 2 . 4\ u- r^ 

~ —a oT^ VI + ^'i ^2 + ^2 ) - ^ — u ■ 

6 ^ R^ 2 (/ K 

_ F, tt= 

Let Tg = m ri, then 

2^ H = (1 4- wr) (c/- - Ci w cot ^i) 
__ (ci - ?« cot 0)M1 + ^" + ^*) ^1^ 

- F, .r { 1 + (I "^-^'^cot^ 0, + £il) I - F 



s«<' 



= cf { 1 + m' - -^^^ (1 + m= + ,«*) - F, (i + '^'l I 
- CjM cot 01 j (1 + wi') - §--n^(l + »»' + w*) [ 

- «' { g^'iJ.- (l + »»" + '»')cOt''0i 

Putting Fi = -99, Fj = -95, 'j- = J, this becomes 

{•715(1 + m^) - -037 m^jci- 

- { -926 (1 + m-) - -074 m'} c, u cot <f>i 

- wM-28r)(l + m'; cot'' 01 + 1-95 + •037m*cot->i} 

= 2 ^ H. 

16CF 
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Putting w = i, this becomes 

•795 c^ - 1-03 c'l u cot <t>^ - w' (1 '95 + '3175 cot* <t>^) 
= 2(7H, 

and V = n ox 7-; ^ V 

( 1 + w') (ci' - Cj w cot 4>i) 

1 -8 .<7 H 
(r^' Ci M cot 01 )* 

" \/l7 U 77 V C H ?7 

V yH for <p = 45. for = 45. for = 90\ for <t> = 90°. 
•2 1-75 -(MJO 1-61 -691 

•5 215 -506 1-77 '577 

The above table shows that the efficiency decreases as the 
discharge increases, and increases . with the angle 4>, It is 
probably even greater for = 135, but as the air might be 
discharged in the wrong direction with this arrangement, we 
have not considered it. 

Suppose next that H = 0. 

~— — J— ^ — = volumetric efficiency, 



r 



1 



1 -295 cot 01 + Vl 1-475 1 •59b cot' 4>i ' 

which obviously increases with ^i, and is 114 per cent for <t>i 
= 45 deg., and 165 5 per cent for = 90 deg. The dynamic 
efficiencies calculated from the formula 

Q 81 V» 

^^ 7r2(l - |-X.cot0) 

give us in these cases 24^9 per cent and 31^5 per cent, 
which shows an inferiority in the former, but a superiority 
in the latter case, so that we come to the final conclusion 
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that, if an efficient chimney is used, (p^ should be 90 deg., 
and the inflow edge of ths blade should be helical, and so 
calculated that if 6^ is the value of 6 when r = Ti, 

cot^*=--L, 
u 

so that inflow may take place without' shock, and a fair 
mechanical and a high volumetric efficiency can be obtained: 



FiQS. 95-98. 

^Uov Group. 




Figs. 99-101. Fioe. 102-104. 

Si:roncC Crcup. 








^ 






ft 

:3 




Deudcfied Surfojce 



Deueiofvid. Surfoucc 




Scale Jelru.'/Ft. 



■v u ; ; j> ^ 




Figs. 95-98. 



Figs. 99104. 



31. Experiments upon Propeller Ventilating Fans* — 
These experiments were made by Mr. Walker during 1895- 
1896 at Westminster. The primary purpose was to 
ascertain : — 

K (1) Whether this kind of fan follows the ordinary laws 
respecting the mutual relations of speed of fan, power 
absorbed, and amount of air discharged. 

* By Mr. W. G. Walker, M.LM.E. See Proceedings of the Institution of 
Mechanical Engineers, 1897. 
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(2) The «;eneral characteristics regarding the speed of fan, 
power absorbed, and quantity of air discharged, with 
different angles of the blades. 

(3) The effect of fans differing from one another only in 
the cross-section of their blades. 

The experiments showed that the ordinary laws are 
obeyed ; and Mr. Walker recognises that the propeller fan is 
adapted to the discharge of large volumes at small pressures, 

Ficis. 105-107. Figs. 108, 109. Flqs. 110, 111. 

TticrcL CfOKp. Fourth Ofi/ufi. 





C?: 




Bcv^lotiecL Surface. 



-i— >—r-s r 

Sccdje iilna. -JFt. 



/»//•» 



r 





Figs. 105-lOP. 



Figs. 110, 111. 



and that volumetric efficiency is more important than even 
mechanical efficiency. All the experiments are with fans 
having a free discbarge (with exception of a few at the end), 
the outlet being the same as the inlet. ,The volumetric 
efficiency of the propeller fan is greatest with free discharge, 
and falls off rapidly if the discharge pipe is baffled. 
Seventeen three-bladed fans were tested, all 23f in. diameter. 
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They are sbown ia figs. 95 — 1 11. The fans were driven by an 
electro-motor fixed centrally to a cast-iron frame in the rear 
of the fans, figs. 112, 113, which were keyed to the spindle 




Pig. 112. 



Fig. 113. 



of the armature, and were thus driven at the same speed as 
the motor. This was a continuous-current series-wound 
machine of about one-third of an electrical horse power. 




Fig. 114. 



The current was taken ofiFthe 100 volt mains of the Electric 
Supply Corporation. The air was delivered through a tube 
24 in. bore and 4 ft. long, figs. 115, 116, made of stiff sheet 
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iron and placed concentric with the fan axis and at the end 
of the frame. The speed of the fan was indicated by a 
tachometer, attached by a hook joint to the motor spindle, 
and was read to two revolutions per minute. The speed of 



Jmohmntttr -w 




Dt/i vtry ACr - Tu,0* im^ 



Si AnummamctiT 



Fig. 115. 

the motor was varied by electrical resistances. In most of 
the experiments the fans were run at 600 revolutions per 
minute ; the speed being kept constant by the adjustment of 
a suitable form of resistance. The velocity of the air was 
measured by an anemometer of 2f in. diameter, placed at the 
outer end of the delivery tube, figs. 115, 116. The velocity 




Fio. 116. 



varied greatly in different positions of the same cross section 
of the tube. A smooth brass rod yVin. in diameter, was 
placed horizontally across the end of the tube to which the 
anemometer was attached, so that it could be tried at 
different positions of the rod. The centre of the anemometer 
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moved in the horizontal diameter of the tube for all positions 
on the rod, and the instrument always moved in the same 
plane across the current. The B.H.P. of the motor was 
obtained by a dynamometric brake, fig. 114. The fan having 
been removed, the brake pulley was fixed in the same position 
upon the spindle. The brake was highly effective ; it was 
sensitive, yet ran steady wdth no oscillation. The pulley 
was of cast iron, 9*4 in diameter, w^ith smooth circumference ; 
it ran true, and a fine silk cord was wound round it, the 
lower end attached to the scale pan, and the upper to a 
Salter's balance hung above the pulley and perpendicularly 
over the scale pan. The difference between the pull on the 
balance and the weight in the scale pan, multiplied by the 
circumference of the pulley and the revolutions per minute, 
and divided by 33,000, gave the B.U.P. The silk was in 
direct contact with the pulley. The anemometer was 
calibrated at Kew Observatory for speeds from 500 to 
2,000 ft. per minute. 

For each experiment anemometer readings were taken at 
each of the four following radii of the delivery tube : If, 
5|^, 7f, 10|in. The cross section of the delivery tube was 
divided into four imaginary concentric rings, and each of the 
above radii corresponded with the centre line of one of the 
rings ; each of the three outer rings was equal in breadth to 
the diameter of the anemometer. The velocity of the air in 
feet per minute as ascertained at each of the four radii was 
multiplied by the area of the corresponding rings in square 
feet, and the products being added together gave the number 
of cubic feet of air discharged per minute. The velocities 
given at each of the four radii are given in Tables XIX. and 
XX. for all the fans tried. The areas of the four imaginary 
rings were 1*275, '945, -614, '307 sq. ft. The mean velocity 
of the air was obtained by dividing the air discharge in 
cubic feet by 3 '141 sq. ft. Headings of the anemometer were 
taken for two minutes at each of the four radii for each 
experiment, together with volts, amperes, height of barometer 
in inches, and temperature of air. The electric motor w^as 
calibrated, so that by simply reading the amperes and noting 
the number of revolutions the B.H.P. was obtained. A 
series of experiments were made with the motor running at 
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TABLE XIX.— Experiments on Propeller Ventilating Fans, Figs. 
Tube 24 in. bore, except those marked * Revolving 4iiN. 
Revolution. Anemometer placed at Radii 1|in., S^in., 75 in., 



Ko. 


Angle 


Re 78. 


Volte 


Am- 


Velocity of air per 


minute at radius. 


of 
fan. 


blade 

in 
deg8. 


per 
mlnuto. 

890 


of 
motor. 


peres of 
motor. 


n 


5& 


7i 


log 


1 ' 17 


69-7 


1-50 


762 


767 


688 


f07 


2 ■ 17 


SCO 


81-5 


1-92 


880 


017 


020 


930 


3 1 17 


645 


60-0 


1-58 


690 


780 


600 


675 


4 17 


525 


54:6 


1-58 


617 


713 


730 


645 


:> 27 


610 


80 


2-33 


723 


804 


913 


951 


6 27 


490 


78-3 


2:)3 


423 


690 


880 


903 


7 i 17 


758 


80-8 


2-07 


703 


785 


805 


760 


/, 1" 


(550 


78 


2-28 


645 


780 


805 


700 


J. 27 


•600 


85 


2-45 


910 


1,115 


1,145 


1.050 




505 


77 


2-20 


670 


780 


875 


990 


I 40 


*495 


100 


2 70 


735 


970 


1,147 


1,070 


/ 17 


600 


69 


1-91 


320 


365 


530 


635 


1 27 

r\ J 1 


600 


79 


2-23 


eoo 


650 


755 


825 


< 1 
1' '' 


*600 


86 


2 47 


740 


890 


1,030 


860 


V 40 


570 


88 


2^5 


745 


810 


910 


960 


1 
(■ 27 
10 -l 1 
( 17 


600 


81 


2-31 


805 


930 


950 


930 


*600 


68 


1-85 


260 


405 


555 


645 


( '' 


850 


74 


170 


040 


745 


S50 


990 


11 I 27 


6:o 


63 


1-36 


645 


725 


860 


930 


*600 


64 


1-75 


765 


895 


870 


850 


12 27 


600 


63 


1-70 


590 


635 


-40 


745 


(' 27 

to ) 


600 


74 


2 06 


655 


745 


860 


905 


13 ■{ 


600 


61 


1-03 


430 


525 


640 


680 


( 17 
14 - 

( 40 


(304 


53 


1-40 


415 


540 


605 


640 


605 


85 


2-40 


780 


940 


1,110 


1,105 


15 ' 40 


600 


84 


2-40 




965 


1,120 


1,085 


lt> 35 


COO 


65 


1-77 


720 


780 


860 


830 


17 i 35 


600 


67 


1-87 


685 


830 


92) 


875 
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95 TO 111, OF 23|lN. DIAMETER, ALL REVOLVING INSIDB DELIVERY AUi 

Out op the Tube. Blades Set at an Angle to the Plane op 
lOi IN. prom the Axis op the Tube. 



Cubic feet 
of air per 
minute. 



We'ght on 

the brake 

pulley in 

ounces. 



2,128 


110 


2,888 


21-5 


2,172 


14-2 


2,139 


14-2 


2,790 


29-0 


2,536 


33-5 


2,427 


18-5 


2,330 


22 2 


*3,385 


31-7 


2,778 


26-6 


*3,265 


39-4 


1,633 


20 6 


2,348 


27-3 


*2,965 


32-3 


2,870 


37-7 


*2,891 


28-7 


'1,675 


19-7 


2,720 


15 5 


2,641 


16-0 


*2,6P9 


17 6 


2,222 


16-8 


2,737 


23-8 


1,926 


15 3 


1,846 


10 7 


3,272 


310 


3,270 


30-6 


2,580 


18-1 


2,705 


191 



B.H.P. 
of motor. 



•0458 
•0866 
•0430 
•0350 
•0829 
•0770 
•0650 
•0677 
•0894 
•0742 
•0910 
•0590 
•0768 
•0892 
•1075 
•0809 
•0550 
•0620 
•0458 
•0489 
•0473 
•0671 
•0431 
•0300 
•0874 
•0862 
•0510 
•0538 



Efficiencies per cent. 



H.P. 
in air. 



•00 .7 
•0241 
•0103 
•0098 
•0218 
•0164 
•0144 
•0127 
•0390 
•0214 
•0350 
•0043 
•0130 
•0262 
•0237 
•0243 
•0047 
•0202 
•0185 
•0190 
•OHO 
•0200 
•0070 
•0063 
•0348 
•0360 
•0172 
•0199 



Me- 
chanical. 


Volu- 
metric. 


21^2 


38 ^2 


28-0 


54-0 


23 •O 


53-0 


28 


65 •© 


26 3 


73 


2r3 


82^0 


22^2 


51^0 


18^8 


57-0 


48^0 


89-8 


29-9 


74 


38^2 


105-0 


7^4 


43-3 


16 9 


620 


29^4 


780 


22 


80^0 


30^0 


76-7 


8^5 


44 4 


32-6 


50-9 


40 4 


(;3'9 


40^4 


71-6 


•23-3 


58^9 


COO 


72-6 



16-7 
21 •O 
39 8 
40-9 
33^7 
37-0 



Pressure. 

•7 
1-4 
14 
2 1 
2-7 
3^4 
1^3 
1-G 
4^1 
2-8 
5 



1 "^ 


2-0 


3 1 


3 2 


30 

1 


1-0 


1 

13 


2-4 


2-6 


1-7 

1 


' 2-6 


13 


1-2 


3-7 


3-8 


2-4 


2-6 



218 



SCREW FANS. 



<*4 

c 



PS H 
MM* 

^ a 2 

f^ la? 00 

'K 03 i-H 

•J ^ 

-^ 

"1 = 

&^'^^ Q 

^ w 

r« OS O 

H M ft^ 

< a .^ 

1= :2 w 

w ^ a 

p^ s S 

<=> fc: S 

« ^ X 

^ O oi 

CO >■ 

& w o 

fc &: S 

W 2 H 

a ;j g 

S S M 

I g§ 



02 










»4 

o 
p« 



o 

m 



u 
••-I 






1-3 « 

rj O " 



<o 



s 

a, 
•3=« 



•^^ 

o 

X) 

> 



•sz 

O 



» 

u 

ft 



o 




< 


o 






s 




• 

1 ' 


® 


■ 1 


1— » 


03 ' 


ticy 13 


c 


'-' OS 


-< 




s 



00 O O CO o 

« I- <M ^ r- 

O O i-H »-< ri 

O O O O O 



® (N 1- -^ « 

Oi ©* ©« «-• CO 

rH C4 04 04 O 

O O O O O 



o 


1-H 


ei 


"* 


00 




oc 


oo 


00 


e« 


^^ 




c^ 


eo 


•^ 


o 


o 


o 


o 


o 



00 t— 00 ^ 

00 O to C4 

>o I- 00 o 

O O O r-l 



- 



(M «0 i-l CO oc 

^ I-- Ci N 0» 

o o; ©J -v "O 

i-T i-H ©f 5^ oT 



lO »~ »- i-H -^ 
O O <>» t- CO 

t- oo 00 1>- ii^ 



©il 



CI 



<N 



©» l-l 



o 


o 


o 


o 


o 


t^ 


eo 


t>. 


<>» 


«c 


wo 


O 


t- 


00 


or 






o 


o 


o 


oo 


t- 


00 


00 


OO 


o 



«-*» 


o 


o 


o 


o 


»o 


s 


o 


o 


o 


o 


t- 






ec 


.St 


h- 


1 ■* 


2 


eo 


o 




o 


CO 


t- 


t- 


00 


* 


o 


C: 


o 


•* 


•-W 


o 


o 


O 


o 


o 


o 


uO 


o 


o 


o 


o 


l- 


O) 


CO 


l-t 


t- 


CO 


x^ 


I— 1 


oo 


S 




■^ 


»."; 


« 


I- 


t- 


00 


00 


o< 


!X 


C4 


H» 


o 


o 


o 


o 


»o 


\r> 


lO 


o 


o 


O 


rH 


o 


1- 


CO 


Tl< 


« 


00 


o 


(O 


o 


>—< 




•* 


o 


® 


(O 


to 


CO 


t- 


t- 


t- 


(M 



o 



CO 



CO 



CO 



CO 
CO 






CO 



c^ 



c 

CO 



00 
CI 



o 
f 



CO 






kO 






CO 



'^ r-t 
00 o 



CO 
00 





o 


o 


t- 


o 


kC 


o 


CI 


CO 


CO 


CO 






o 



o 

CO 



EXPERIMENTS UPON PROPELLER VENTILATING FANS. 219 

600 revolutions per minute, and the experimental readings 
are shown in fig. 117. The straightness of the current 
and torque lines shows that a relation between torque and 
current of the form 

t = ai — hy 

where t = torque and i = current, and a and b are 
constants, must hold good. 

It is obvious how this diagram enables the B.H.P. at 
600 revolutions to be calculated. With a given torque the 
amperes were not quite constant for all speeds of the motor ; 



Serves ^l-ectrvc Motor 



Ampmves 




0-5 60 



Fio. 117. 



they increased slightly and uniformly with the increase in 
the number of revolutions per minute. It was easy, how- 
ever, to frame a formula which gave the torque at any speed 
the motor might be running at, taking into account the 
small increase of the current due to speed. Although not 
essential for the present experiments, it was interesting to 
determine at what speeds the motor should be run so as to 
give the maximum B.H.P. and maximum efficiency severally. 
Its speed characteristics are shown in fig. 118 for constant 
E. M.F. ; the revolutions are plotted as abscissae, and the 
ordinates are electrical horse power — i.e., volt-amperes -r 746. 
The diagram is self-explanatory. Pans 1 to 6 were tried at 
progressive speeds from 300 to 1 ,000 revolutions per minute, 
and the following relations were verified for constant angle 
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of blades and position of fan : (1) Air discharge varies as 
speed of revolution; (2) horse power varies as (speed of 
revolution)^; (3) horse power varies as (discharge)*; (4) 
torque varies as (speed of revolution)'-; (5) torque varies as 
electric current.* 

The following is the method of calculating the horse power 
in the air discharged and the efficiencies. The weight of 

1 cubic foot of air at temperature F Fahrenheit = — — ^, 

^ F + 461 

where B is the height of the barometer in inches. Taking 




ooo 



Fig. 118. 



into account the moisture in the air, the weight of 1 cubic 
foot of air 

1-3304 



F + 461 



(B - I 6), 



whsre h is the pressure due to the moisture in inches of 
mercury. 

If W = weight of air discharged in pounds, and V = 
velocity of air in feet per second, then the kinetic energy of 



* Fig. 109 shows that this is not the case. 
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w \- 

the air discharged is — — , and the horse power of air 

discharged is 

^ = V^ X constant, • 
2^ X 550 ' 

for the same fan under same conditions. Hence if Q = cubic 
feet of air per second, the horse power of the air discharged 

V^Q 1-3 304 B 

~ 550"x 6i-4 ^ F + 461 

= Zl^. X -00003756. 
F 4- 461 

rni x. ' ^ £c ' horse power in air discharged 
Ine mechanical emciency = — - ^i » ^ ^— * 

volumetric efl&ciency is as usual --^, and dynamic pressure 

efficiencies are evidently - — 5, the static pressure efficiency 

being zero. 

Experiments were made with fan blades at difiPerent angles 
to the plane of rotation. The results with fan 17, having 
plane surfaces and rounded backs to the blades, are given in 
Table XX., and plotted in fig. 119. These may be termed the 
characteristic curves of the fan for varying angles. It 
should be noted that maximum volumetric efficiency is not 
obtained with the same angle as maximum mechanical effi- 
ciency. In Table XXI. fans 16 and 17 have been compared, 
and the latter certainly has the better volumetric efficiency 
by a very small amount, and the mechanical efficiency of 
fan and motor, which, of course, includes motor friction, is 
better for the latter; but when we deduct '0338 horse power 
for the bearing friction of the motor, the efficiencies of fan 
alone are as below : — 



Angle of vane 15^ 20" 25° 27° 30^ SV 40' 

Mechamcal efficiency of fan, I g^.g ^^.^ ^g.^ ^g-i 40-2 33 7 20-3 

Mechanical efficiency of fan, ) 33 35.5 40-2 42-8 41-6 37 314 

rno. 1< I 
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So that oae is about as good as the other. Seventeen three- 
Lladed fans were tried in order to test the effect of the 
cross-section of the fan blades, fig. 95 to fig. 111. They 
may be divided into four groups. The first comprises 1 to 4, 
the second 5 to 10, the third 11 to 15, and the fourth 16 
and 17. The blades were of sheet iron Y^in, thick, and 
excepting 10 their cross-sections are either lines or circles. 
The fans in each group differed from one another only in the 
cross-section of their blades, which were flat, plano-convex, 
concavo-convex, of different curvatures. Fan 1 had flat 
blades. Fan 2 was formed by fixing a circular back to fan 1. 
Fan 3 was formed by curving the blades of fan 1. Fan 4 
was formed by fixing to the back of fan 3 a still more convex 
surface. The blades of the other groups were similar in 
form, but of different area and thickness. These changes in 
shape produced considerable effect. Fan 1 to fan 4 were all 
tried with their blades at 17 deg. inclination. The supe- 
riority in mechanical and volumetric efficiencies of the last 
should be noticed. 

Air is sucked, strange to say, into the outer circumference 
of the fan, and the volumetric efficiency is largely increased — 
see fan 8 at 40 deg. — by exposing the whole of the outer 
circumference of the fan. Some of the fans were tried with 
exposed perimeter by moving the delivery tube 4J in. for- 
ward, as shown dotted in fig. 115. Thus in the case of fan 9 
the mechanical and volumetric efficiencies were increased 
from 16*9 to 29*4 and 62 to 78 per cent respectively. A 
much wider form of blade may be used in fans arranged to 
feed from the tips. This type of fan should therefore, where 
possible, be fixed with its circumference exposed. 

Mr. Walker made experiments with two fans 24 in. and 
48 in. diameter ; the former was a three-bladed fan, with 
blades set at an angle of 35 deg. to the plane of rotation ; 
it is a kind which has been designed and employed by Mr. 
Walker for the ventilation of buildings, factories, and ships, 
and for drying. It was tested at 600 revolutions per minute, 
and was driven by belt from a shunt-wound motor. 
Anemometer readings were taken at a distance of 18 in. in 
front of the fan, as well as behind. At inflow on an elliptical 
surface the velocity at the centre was 303 ft. per minute, at 
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about the middle of the curve 280 ft. pet adnuta, and 
on the major axis, which was perpendicular to that of the fan, 
it was 250 ft. per minute. The velocities of discharge were 
600 at the centre, and 875, 1,230, 1,130, 470, and 175 at 
radii of l-Sl, 5, 7'G^, 10'5, and 12 in. No delivery tube was 
iiaed; the air on the deli»erj side did not spread, as an 
anemometer at 13 in. radina did not move. The 48 in. fan 
n'aa tested iu the same manner, the blades being set at 
32j deg. to the plane of rotation. It is made for tea- 
drying in India, and in order to reduce shipping charges ia 
made as light as possible. The arms carrying the fan 
spindle are of mild steel I in. in diameter, screwed into cast- 
iron bosses and to a cast-iron ring. The blades are hollow 




plano-convex of 3V in. thick steel, brazed together and 
riveted upon the lugs of a cast-iron boss, figs. 120, 121, 123. 
Though so light, the blades are so rigid as to be practically 
incapable of vibration ; consequently the fans are nearly silent 
at all speeds. 

In this fan, when driven at 350 revolutions without a 
delivery tube, the velocities of inflow, measured on a half 
ellipsoid, were 540 near the centre, increasing to 600 at about 
the middle of the curve and to 830 on the diameter of the fan. 
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At the discharge the velocitiea at the centre, and 3}ia., 
10 in., 15 in., 21 in., and 24 in. radius, were 1,070 ft., ■ 
l,37Qft, 1,660ft., 1,490ft, 870ft, and 400ft per minute 
respectively. Anemometer readings were taken at a distance 
of 3 ft in front of the fan, and at the elliptical curve behind. 
The fan delivered 17,000 cubic feet of air per minute at 350 
revolutions and about 34,000 cubic feet at 700 revoliitiona. 
In figa. 123 and 124 is ahown a fan with electric motor 
specially designed for it The field magnets are cylindrical, 
and are shown in section in fig. 135 ; they are made as small 
AS possible in order to offer as little obstriictioa as possible 



to the passage of the air. The position of motor that least 
obstructed the air was a different position on the spindle 
depending on the orifice ; the best position was generally 
found to be a little in front of the fan. There appears to 
be a central region immediately in front of the fan where 
only a little stream of air is delivered, owing probably, in fEin 
working with free dischat^, to the centrifugal action on the 
trout face of the blades, which is apparent near the centre * 

Several experiments were also made with contracted outlet 
and inlet with a fan 23^ iu. diameter, with blades set at 35 
deg. to the plane of rotation, and driven at 800 revolutions 
to the minute by a belt from a shunt-wound motor. 

The fan was placed in the same position as before, and it 
discharged into a 2 ft. diameter delivery tube 4 ft long with 

*Itl« obTlouathnt the centre does less wori per pound thin the outer part, 
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partially closed outlet, haviug central holes 6 in., 12 in., and 
18 in. diameter The fan was tried both for propelling and 
exhausting air, and its efficiency was in both cases much 
reduced. One of the reasons that this kind of fan was unable 
1.0 maintain static pressure in the air is probably the com- 
paratively slow speed of the blades near the centre, iu 
consequence cf which the air tended to pass back again 
through the centre of the fan. The effect was therefore 
tried of fixing a circular disc in front of the fan on the 
delivery side, so as to prevent the air from returniug through 
it ; this had the effect of increasing the efficiency to a great 
extent when working against resistance, whereby a static 
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pressure was obtained in the air delivered. Experiments 
were made with discs of different diameters, and it was 
found that the size of disc should increase with the con- 
traction of orifice to obtain a good efficiency. The reason 
for this is evident, because c and w are greater near the outer 
circumference, and c w must at least be equal to g H, and 
is generally much more. 

Figs. 126, 127, and 128 show the fan driving the air 
through a contracted orifice, drawing it through the same 
(in both cases) with a disc, and trying to drive it through 
without a disc ; in the last case the air to a great extent 
returns through the centre of the fan. Considering that 
this type of fan is used for drawing air through a material 
to be dried like wool, or through tortuous flues, as in 
refrigerating apparatus, the adoption of the central disc 
becomes a necessity. The fan is more efficient when ex- 
hausting than when- producing pressure. Without a circular 
disc 31 cubic feet of air per minute were dHven through 
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the 6 in. orifice at 800 revolutions per minute, and 
the delivery was increased to 451 ft. when exhausting, 
the other conditions being identical ; the volumetric 
efficiency was thus increased nearly 15 times. With 
the 12 in. orifice the discharges were 497 when blowing 
and 1,374 when exhausting. With the 18 in. orifice the 
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volumetric efficiency was increased only from 58 J per cent 
when blowing to 67 when exhausting. In the opinion of 
the writer the advantage of suction over blowing is largely 
due to the fact that the dynamic head is very much 
greater in the latter than in the former, because the air has 
to leave by a contracted orifice with considerable velocity, 
whereas, when exhausting, the kinetic energy of entry is at 
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Fig. 128. 



least partly converted into pressure head at outflow. Hence, 
when blowing, some of the air returns through the fan, as 
the fan is incapable of producing the necessary pressure to 
give it the velocity that would carry it through the small 
outlet, while, when exhausting, as the outlet is large, the 
pressure, and therefore the work required, is much less. To 
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take an illustration. Allowing a coefficient of contraction of 
'65, the head in feet required to discharge 31 cubic feet of 
air through an orifice 6 in. diameter is given by 



H = 



Q = cA J'lgB 
Q- _ 3P X 4- 



2gc' A.^ 3600 x 64 x (-65)' x (-7854)^ 
= 0-256 ft, 

Q being cubic feet per second, A the area of circle 6 in. 
diameter in square feet, and H the head in feet, while the 
head due to the discharge of 451 cubic feet through a 2 ft. 
diameter circle, with probably no contraction, is only 
•0877 ft. Mr. Walker points out that negative slip has been 
generally noticed with propellers havinjr thick blades and 
round backs. Now, his experiments show that the flow 
through fans with curved backs is very much greater than 
that through fans with plane blades, and this appears to 
partly explain negative slip. It will be noticed that the 
mean pitch of the aft edge of the propeller, considering 
back and face, is greater than the pitch of the face alone. 

Mr. Walker also carried out some supplementary experi- 
ments with fans of six, three, and two blades, all of the same 
shape and set at 30 deg. to the plane of rotation. The 
revolutions were 600 per minute ; the six-bladed fan was 
tried first, and its alternate blades were then removed so as to 
form a three-bladed fan. Afterwards the two-bladed fan was 
tried. The discharges were 2,350, 2,535, and 2,140 cubic 
feet per minute, giving volumetric efficiencies of 62, 67, and 
57 per cent. The mechanical efficiency of the three-bladed 
fan was also the highest. Experiments were also made with 
helical blades of constant pitch, and considerable variation 
was noticed in the axial discharge of the air. The angle at 
the tips was 27 deg. with the plane of revolution. The 
helical blades were made of y^ in. sheet brass pressed on a 
wood mould. The fan was run at 600 revolutions, and the 
anemometer was placed 18 in. in front of the fan. No 
delivery tube was employed, and the axial velocities at radii 
of 2 in., 5 in., and 12 in. were 770, 1,340, and 230, while at 
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the centre the velocity was 665. The rotary velocities were 

also measured by placing the anemometer wheel in a plane 

passing through the axis. The velocities at radii of 2 in., 

5ia, 8 in., and 12 in. were 234ft., 562 ft., 530 ft., and 

185 ft. per minute. The efficiency was increased by putting 

rounded backs to the blades, but the experiments showed 

that helical blades did not possess any advantages over the 

ordinary non-helical blades. With plano-convex fans of 

later design Mr. Walker obtained volumetric efficiencies of 

86 to 90 per cent, but he does not give the angle of blade. 

The horse power necessary for driving the fan to produce 

a given discharge of air is as follows : Taking the barometer 

at 30 in., the temperature of the air at 60 deg. Fah., and 

the mechanical efficiency at 30 per cent, let d be the 

diameter of the fan in feet, a the area of the fan disc in 

square feet, V the velocity of the air in feet per second, and 

Q the quantity of air discharged in cubic feet per second, 

then 

TT T> • J i. J • xx. c H.P. in discharged air 
ll.r. required to drive the tan = -P-, , 

mechanical efficiency 

^ V^QB ^ -00003756 
T ^ -3 ' 

and substituting T = 60 + 461, and V = -i_^ 

H.P. required to drive the fan - -% x '0000115. 

Taking the volumetric efficiency at 90 per cent, this for 
a 2 ft. diameter fan means 3,400 cubic feet at 600 revolutions 
per minute. Let N = revolutions per minute, then 



N = -.. 



60 Q _ 85 Q 



•9 X 2 TT r^ d> 

It is evident from these two formulae that d should be as 
large as possible. Of course these formulae only apply to free 
discharge. The effect of increase of diameter is shown by 
the fact that to discharge 6,000 cubic feet of air per minute 
the 2 ft fan would require '72 horse power, while a 4 ft. fHU 
would need only '045. 
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CHAPTER XVII. 



Other Propeller Ventilating Fans and Ratbau Scrbw 

Fans. 
There are many types of these in use at the present day. 
The Hattersley-Pickard fan is shown in figs. 129 and 130. 
It is fitted with a boss of large diameter in the centre, 
Iweause that part of the propeller fan is not only uaelesa for 



moving air, but ia absolutely harmful when working agiunst 
pressure, lor which, as well as volume, this fan is designed. 
The blades are made to lean towards the intake so as to 
enable the air to cross them at right angles, and therefore 
with the least possible friction. They are of helical con- 
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atruction, with a loDgitiidioally or axiall; increasing pitch — 
i.e^ -P is greater than tf, and at the onter circnmferencc they 
appear eicellentW adapted for drawing in the air radia)lj as 



well as axially. This appears to be a most carefully designed 
fan. The following is a list of particulars of standard 
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The Blackmau fan is very lai^ely used in this coantry ; 
a drawiog of it is ahowD in Qg. 131, the Aland fan with 
curved blades in fig. 132, and a fan conatnioted by the 
American Blower Company in fig. 133. The last is shown 

^ I 



with eleutriu motor attached. Figs. 134 and 135 show a 
propeDer fan made by Messrs. Beck and Henkel, of Cassel. 
The casing is conical, and thii ^fP^ "^ f^^^ i^ intended 
to discharge large quantities of air at low pressures. The 
vanes are made of steel. The rest of the construction is 
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obvious from the drawing. Thise fans are made with 
diameters from 10 in. to 118 in., and can be driven direct or 
by belt 

33. Bateau Screw Fans, — The propeller type of fan is 
certainly that best suited for delivering a large amount ot 
air at an exceedingly small pressure; but where a large 




Fig. 134. 



amount is required, while there is some pressure to contend 
with, a modification of the propeller fan, in which only the 
outer portions of the blades (i.e., the part where c is great) 
are used, seems to us to be preferable; of this we have 
abundant proof in the experiments made by Mr. Walker 
with a central disc fitted to his fan. And if, in addition, the 
fjin casing is so constructed that the tangential component 
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of the air as it leaves the fan — namely, w — is afterwards 
reduced, we have every reason to expect an increase of 
efficiency, if this casing does not increase the friction to such 
an extent that it does more harm than good. We cannot 
get rid of w at discharge from the fan, because at any point 

— is the work per pound, and if H is not zero, w cannot be, 
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unless at inflow we give the air moment of momentum before 
it enters the wheel, and then in the wheel destroy this 
altogether, so that the air issues with axial velocity. The 
fan shown in figs. 136, 137, 138, does this. In the lower 
part of fig. 137 is shown a cylindrical section through the 
guide and wheel blades of a Rateau screw fan. The direction 
of the air's motion is shown by the arrows. The guide 
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vanes are »i, m and the wheel vanes a, b. The motion of the 
wheel is upwards, and the wheel vanes are so designed tliat 
inflow takes place at the normal orifice without shock, and 
the air is discharged axially without any whirling motion at 
all. The sectional elevation of fig. 137 needs no comment, 
except that the chamber D has its inner side partly conical 
in order to reduce the velocity of the air by increasing the 
section of discharge. The wheel, fig. 136, has its vanes 




Fig. 136. 

formed of steel plate fixed to the rim of a slightly conical 
wheel of cast iron or bronze, by means of angle irons in large 
sizes, or by embedding them into the rim in smaller sizes. 
A general view is seen in fig. 138. An alternative method 
is shown in figs. 139, 140. The spiral admission chamber 
give§ the entering air velocity in the opposite direction to 
that of rotation, and after leaving the fan with a velocity 
wholly axial, the air is discharged through a passage whose 
section is increased by making its inner surface the frustrum of 
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a cone. A third method is shown in fig. 141 ; here the air enters 
parallel to the axis, and the vanes at inflow are so inclined 
as to receive it without shock. The change of the moment 




Pig. 137, 



of momentum is effected by giving the air forward tangential 
motion at discharge, and a volute is provided to reduce this 
and convert its kinetic into pressure energy. A modification 
of the third method is shown in fig. 142. Here the air 
enters from the left ; there are no guide vanes, so that the 
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air muBt be diHcbui^d in a forvrard direction from the fan. 
It then enters a diffuser whose inner Burface is cjlindric, 
but whose outer is a fruatrum of a. cone, and these two are 
connected by vanea which change the forward motion of the 
air to an axial direction, bo tliat the greater part of ita kinetic 
energy is converted to pressure, A test of a ventilator of 
this type is given in the table below. This fan was after- 
wards fitted in the French warship Jena. The test waa 



I 1 



made in the workshop, the air being discharged from the fan, 
whose diameter waa 4-69 ft, into a long tuhc 5-57 ft. 
diameter, partially closed at the further end by a steel plate, 
in which there was a square orifice whose area was varied, 
the discharge being calculated from the pressure in the tube, 
and the section of the orifice, a coefficient of contraction 
varying between "65 and -70, being used according to the 
section of the orilice ; the formula for calculating the discharge 
per second in cubic metres being — 

Q = CAJ27H 

^ . /2 X 9 '81 X h K density of wacur 
J 1000 X density of air 



842 

where 
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Q = cubic metres of air per second, 
A = area of section in square metres, 
c "> coefficient of contraction, 





Fio. 141. 



H = 

h = 



pressure of air in metres of air, 
9*81 in metric units, 
water gauge in millimetres. 
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Test op an Axial or Sorbw Fan of the Type shown in 
Fio. 142, of 4*69 FT. Extreme Diameter of Vanes. 



No. of revolutions per minute. . 



Water gauge in inches. 
Kilowatts of motor . . . 



526 
1*84 
10-7 



Foot-pounds of wcrk by fan 
per second 



Discharge in cubic feet per 
secona ' 

Mechanical efficiency of fan 
and motor 



Manometric efficiency 
Volumetric efficiency 



•26 




545 


535 


632 


552 


556 


556 


564 


1-61 


1^53 


1-53 


1-53 


1^53 


1-34 


1^29 


9-9 


9-66 


9 •85 


101 


10-0 


9^5 


9^6 


1156 


1705 


2390 


3030 


3170 


8180 


8180 


187 


215 


296 


386 


396 


452 


474 


•16 


•24 


•32 


•41 


•48 


•45 


•45 


•21 


•205 


•21 


•19 


•19 


•18 


•155 


•185. 


•30 


•42 


•52 


•53 


•61 


•62 



573 
1^22 
9^9 

3461 

554 

•47» 
•14 

•71* 



* It should be noted that maximum volumetric and mechanical efficiencies 
occur at the same orifice. 

34. The Theory o^ Rateau Screw Fans, — We shall first 
consider the type shown in figs. 136, 137, and 138. 
Referring to the sectioual view of guide and wheel vanes, 
fig. 137, let a be the angle made by the guide vanes m at the 
mean radius of the wheel, with a plane perpendicular to the 
axis, </> the angles made with such a plane by the wheel 
vanes at inflow and outflow. Let c^ be the speed of the 
wheel at the mean radius and u^ the axial compouent of the 
air at discharge from the guide wheel. Then, if the air 
enters the moving wheel without shook, 

cot 6^ = -i + cot a, 

and we leave it to the reader to construct for himself the 
parallelogram of velocitiea Again, at outflow, which is axial, 
if Ui is the axial component of discharge, which in fig. 137 
is greater than t/i, then 

Ci = Ml cot </>. 
The work done per pound of air by the wheel is 

Ci u'j _ Ci Uz cot a 
1 9 
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Hence, when working at the speed at which shock at inflow 
18 avoided, the geqeral equation of the fan is 

H = ^^ ""' ^^^ "" - J^' (1 + F) - Fi i^cosec^a 

^ cosec- a - -4— cosec <f>, 

where tt, is the velocity of dischargo irom the fan casing to 
the left of D, and the last two terms are introduced to 
represent more accurately than one the frictional loss in the 
wheel. 

Let 6i, h^ 6, be the breadths of the wheel at outflow and 
inflow, and of the casing to the left of D,^nd let r^ be the 
mean radius of the wheel; then, if Q — cubic feet per 
second, 

Q = 2 TT ri 6i Wi = 2 TT ri 62 ^2 = 2 tt r^ 6, Wj. 
Neglecting the thicknesses of the vanes, 

2jyH = 2..cota ^-Q— - y (1 + F) 

2 TT ri 62 4 TT r^ 0^ 

_ Y Q" cosec^ °^ _ F Q^ cosec^ 6 
' 4 TT^ r^ b.} ' i'n^r^ V 

_ p Q" coseu- (^ 

or it may be put in the form — 

2 <7 H = 2 Ci^^i ^ cot g _ ^^r V q ^ pv 

- «^' (F^ cosec^ a + Fo cosec^ 6) 

O2' 

- Fg Wi^ cosec- <^. 
Substituting in this, cot = — and 

cosec^ 6? = cosec- a + -Vr^ + 2 — . -? cot a, 
we obtain an equation between H, Cj, Wj, 6„ 63, ij, and a. 
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2gn = 2 Cj.u^.Ik cot a (I - F2) - ^^^(F, + F3) 

, a o /I + F (Fa + Fo) cosec^a FA 

But in designing this type of fan it is best to commence 
by making certain assumptions. We can safely assume that 
the mechanical efficiency of the fan alone is about 60 per 
cent, and as this type of fan is intended to give a high 
volumetric efficiency, we should take this as 75 per cent; 
then 

V = volumetric efficiency = --^j 

where Cq = peripheral speed, 

To = greatest wheel diameter, 



«.(-*!) 



3 
2 ■ 



A* 

Now, we shall suppose that b^ = -^ 



Y = f. 



2 7r«, _ l-317«a . 

3 1-166 X 1-36 Ci ~ Ci ' 

«e = y|^ = -669 c. if V = -76, 



Cj Wo Ci u^ cot a 
. , 1-317 a H 2-195 M 

- , cot a ■= -£ = 

•6ci*V V 

and if V = 75 

cot a = 2-93 M 

Ml = -^ = -Mj let us say, 
= -665 01 
and cot = -i = 1 -5 

= 33 deg. - 41 min., 
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independent of the manometrio efficiency, and dependent 
only on V, r^, b^ and bf. Again, 

cot ^ - ^ + cot tt = 1-76 + 2-93 M. 

Tlie following is a list of values of a and 6 for various 
values of M, calculated from the above equations : — 

M per cent m 10 20 40 60 

o= 73' 40' 59*38' 40*29 29*38' 

B^ 25*58' 23*6' 18*60' 16*52' 

In the next type of fan with spiral inflow passage but no 
guide vanes, the manometric efficiency will increase the 
greater the velocity of air in this passage, which is also Wf, 
the tangential component of the velocity of inflow. Let a be 
the section of this passage, and Q the discharge in cubic feet 
per second ; then 

Q Q 



1*1 = cT-^ r^ »nd Ci = f*i cot 0, 

cot e = '±±J!!^. 

Then we may proceed as follows : — 

^ _ ^ — . ^^ ^ ii — ^ 

7=-- = = » say, 

80 that if i\ and M are assumed, Ci and w, are known in 
terms of H ; 

cot e = £L±if! 
•569 Ci 

and is now known, and t«i = *665 c^ as before, assuming 

-^ and V, 



bi bi 
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as in the previous casa Then 

cot = fl « 1-5, and = 33' 41' as before. 

We need not deal with the type of fan in fig. 141, as its 
theory is precisely the same as that of the radial-flow fan 
with volute. 

In designing the type, fig. 142, we shall suppose the 
volumetric efficiency 75 per cent as before, and that 

4 2 

then v = l^^rL^^= '^'- 



^^(^-^ty 



(Wc: 



u 



^ = -566 V = -425, 

Wl 6, Wg „ .777 

Ci being, of course, the volocity at the mean radius ; 

cot 6 at inflow = fl -= 2 35 

e = 23"* 3'. 

If <t» is the angle made by the mean direction of motion of 
the air relative to the wheel at outflow, then 

Wj = Ci — Wi cot 
cot0=fl-ZJfj = 1-286 (1 -!^). 

<7H 



Assuming 1/ = '6, w^ = 

!fi = 1-66 M ; 

.•. cot0 « 1-286(1 - 1-66M). 

In the diffuser the guide vanes must not suddenly alter 
the direction of motion of the air, which has an axial com- 
ponent Ui and a tangential u^i if these vanes receive it 
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immediately after it leaves the wheel ; if a is the angle they 
make with the plane of revolution, 



tana = !1l= -TTT-^ 
•466 



Wi Wi 



M • 

The following is a list of values of <P and a for various 
values of M : — 

M per cent = 10 20 30 40 60 80 

<f>= 43*4' 49° 21' 57' 8' 66° 38' 68*54' 86° 7' 

a = 77° 52' 66° 46' 67° 15' 49° 21' 37° 49' 30* 
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